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Abstract 
The arbuscular mycorrhizal symbiosis evolved ~400 million years ago when plants 
first moved onto land and formed an intimate association with fungi belonging to the 
phylum Glomeromycota. The symbiosis is characterized by an exchange of 
photosynthetically derived carbon from the plant for soil resources such as nitrogen 
(N) and phosphorus (P) provided by the fungus. Currently, two conceptual models of 
mycorrhizal functioning have been proposed. First, the functional equilibrium model 
predicts that positive and negative plant growth responses to AM fungi are largely 
determined by nitrogen or phosphorus limitation within the plant. Second, the model 
of host sanctions predicts that the symbiotic partner that is better able to provide 
limiting resources (C from the plant, and N or P from the fungus) will receive more 
resources in return. However, a large amount mycorrhizal phenotypic variation has 
been found to be affected by plant genotype, fungal genotype, and variation in 
environmental stresses such as salinity. Within my PhD thesis, I attempt to reconcile 
some of these shortfalls by applying a trait based approach along with theories of 
biological stoichiometry.  
In my first chapter I present a background on AM fungi, our current understanding 
of their functioning, current gaps in knowledge, and how I attempt to fill these gaps 
in this thesis. In my second chapter, I test the hypothesis that plant phenotypic 
responses to AM fungi depend on plant genotype because different plants have 
different strategies of C, N and P to growth or storage. Here I show that differential 
growth responses to the presence of AM fungi in two genotypes of the grain model 
Brachypodium distachyon (Bd21 and Bd3-1) are linked to the degree of resource 
allocation to growth or to storage. When P is low, the faster growing genotype 
allocates P received from the fungus to more growth while the slower growing 
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genotypes concentrates the P, resulting in a more positive growth response in the fast 
growing genotype. When N is low, the presence of the fungus competes with the 
plant for N and induces a more severe N-limitation phenotype in both genotypes. 
However, the fast growing genotype exhibits a more negative growth response when 
the fungus is added because of a greater requirement of N for biomass construction 
compared to the slower growing genotype which concentrates the N. In the third 
chapter, I hypothesize competition between plants and AM fungi for N will be 
exacerbated by salinity because of the negative effects of salt on the uptake of N. I 
show that salt stress exacerbates competition between B. distachyon and AM fungi 
for N, but the resulting shoot phenotype depends on the genotypic differences in 
resource storage vs growth. When N supply is low, since the faster growing genotype 
has more N allocated to biomass construction, the addition of AM fungi and salinity 
induces a greater amount of leaf yellowing and senescence compared to the slower 
growing genotype which has greater concentrations of N. However, when N supply 
is high, the addition of AM fungi in the presence of salinity induces greater N-
limitation for the slower growing genotype. In the fourth chapter, because AM 
fungi are obligate symbionts of plants and community assembly patterns are 
dependent on host sanctions by the plant, I test the hypothesis that niche associations 
within AM fungal communities are associated with plant and/or microbial functions 
linked to plant performance. Here I show that AM fungal co-occurrence patterns are 
associated to plant and microbial traits either directly or indirectly linked to plant 
performance, which point towards niche differentiation among AM taxa. In every 
field, I find that different factors are likely limiting plant growth (e.g. Salt stress, or 
Mn deficiency), however subsets of AM taxa are always positively associated with 
plant performance. Moreover, I also find that groups of taxa associated with specific 
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plant and/or microbial functions are either enriched with certain genera, or harbor a 
diversity of genera, which points towards potential functional differences between 
taxa within the overall AM fungal community. Finally, in my fifth chapter, I 
summarize these finding and present future directions and present hypothesese to 
further close gaps in this knowledge. Overall, this work provides a significant 
advancement in our current understanding of AM biology by providing the 
foundation towards incorporating functional differences between plants into current 
functional models of the AM symbiosis which may enable a better understanding of 
mycorrhizal responses across diverse plant lineages. My work also presents a 
methodology to better describe the functional differences between AM fungal 
community members and link these differences to plants as well as microbial 
function in agroecosystems.  
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Chapter 1: Introduction 
1.1 The Arbuscular Mycorrhizal Symbiosis 
Arbuscular Mycorrhizal (AM) Fungi are a geographically widespread group of 
filamentous soil fungi that belong to the phylum Glomeromycota and form 
symbioses with most land plants. The hallmark of the symbiosis is the formation of 
highly branched absorptive structures along the root cortex, called arbuscules - these 
structures are the site of resource exchange between the plant and the fungus. The 
plant provides the fungus with photosynthetically-derived C that fuel extraradical 
hyphal growth into the soil, where the fungus scavenges for water and mineral 
nutrients, some of which are transferred back to the plant in exchange for sugars 
(Smith and Read, 2008). Fossils of arbuscule-like structures forming in rhizomes of 
ancient Bryophytes date the symbiosis to over 400 million years ago, when plants are 
thought to have first spread onto land (Redecker et al., 2000). This evidence, taken 
together with the existence of an extant species of the Glomeromycota (Geosiphon 
pyriforme) forming an association with photosynthetic cyanobacteria, suggests that 
AM-fungi played an important role in the spread of land plants over the earth 
(Gehrig et al., 1996). AM-fungi are found in virtually all terrestrial plant-ecosystems 
including tropical forests, temperate grasslands, boreo-nemoral woodlands, arid 
shrublands, and Antarctic systems (Smith and Read, 2008).  
Although the functional role of AM fungi in ecosystems has traditionally focused on 
the supply of P to the plant, the fungi may play a role in plant uptake of several other 
resources including N and water. Through nutrient dependent and independent 
mechanisms, the fungi also play a role in plant tolerance to environmental stress 
including tolerance to drought, salinity, heat, heavy metals and pathogens (Evelin et 
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al., 2009; Hammer et al., 2011; Smith and Read, 2008). Despite these studies, the 
development of effective mycorrhizal management strategies that achieve consistent 
productivity gains using the fungus has been unsuccessful. This shortfall in modern 
agriculture may be explained by the complex interaction of fungal community, plant 
genotype and environmental variation which together contribute to huge, context 
dependent variation in plant phenotypes in the presence of AM fungi (Johnson et al., 
1997, 2015; Klironomos, 2003). However, recent insights have provided us with the 
beginnings of a predictive framework to address context dependency in the 
mycorrhizal symbiosis called the Functional Equilibrium Model (Johnson et al., 2015) 
along with a model of nutrient sanctions (Kiers et al., 2011) to explain how resource 
transfer mechanisms between AM-fungi and plants may influence the trajectory of 
AM community composition.  
However, these models have short comes, which include accounting for the large 
amount of variation in mycorrhizal phenotypes induced by plant genotype, 
environmental stress, functional diversity within the AM fungal community. In this 
thesis I attempt to address some of the short comes of the model of mycorrhizal 
functioning by extending the functional equilibrium model to include functional 
variation within host plants (second chapter), incorporating the effects of 
environmental stress and host plant functional variation into the predictions of the 
functional equilibrium model (third chapter), and identify the potential functional 
associations between AM community members and plant performance in field 
conditions (fourth chapter).  
Importantly, since the majority of in-depth knowledge into plant physiology comes 
from work on Arabidopsis thaliana, which is non-mychorrhizal, I attempt to build 
our knowledge of mycorrhizal functioning using Brachypodium dystachion that is a 
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small annual grass and has many of the desirable features that make Arabidobsis a 
good model but it also forms the AM symbiosis. While B. distachyon is often 
considered a weed since it can be found growing well at agricultural sites that often 
contain high amounts of N and P, experimental manipulations of N and P supply 
levels have resulted in N and P limiting phenotypes (Ingram et al., 2012). According 
to our understanding of mycorrhizal functioning, B. dystachyon should respond to the 
presence of AM fungi under varying N and P supply levels. 
1.2 The functional equilibrium model: the beginnings of predictive framework for 
AM-symbiotic outcomes 
Mycorrhizal phenotypes are defined as the growth responses of a plants to AMF 
inoculation; an AMF induced growth response is referred to as a mycorrhizal growth 
response (MGR) and can range from strongly negative to strongly positive. The 
functional equilibrium model attempts to explain variation in MGRs- which range 
from positive to negative and can also be neutral. This has led to the concept of the 
symbiotic continuum – referring to mutualistic, parasitic or commensal plant 
responses to AM fungi (Johnson et al., 1997). In their earlier grassland experiments, 
Johnson et al. (2010) observed positive MGRs only in the case of P-limited grassland 
experiments. Although the N-limited soil environments harbored AM communities 
optimized for plant N assimilation, the MGR using these communities indicated 
mycorrhizal commensalism or parasitism (Johnson et al., 2010). Using the same AM 
communities and plant species, Johnson et al (2015) manipulated resource supply 
levels, through N and P fertilization and shading, and demonstrated that differences 
in resource demands between AM-fungi and their plant partners drove changes in 
mycorrhizal phenotypes (Johnson et al., 2015).  
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First, N was added to the P and N-limited grassland communities. N fertilization of 
(N-rich) P-limited soil resulted in a strongly mutualistic phenotype, along with 
increased fungal colonization and extraradical growth. This result was likely due to 
an exacerbated P-limitation with N addition, which increased the value of the AM-
pathway to P uptake, likely resulting in more C transferred to the fungi. On the other 
hand, N fertilization of N-limited (P-rich) soil caused a negative shift in the MGR. 
This could be explained by a shift in plant C allocation towards the shoots following 
N-addition, reducing C available to the fungus. N fertilization also resulted in more 
dramatic biomass gains in non-mycorrhizal plants compared to mycorrhizal plants in 
the N-limited soil. This was likely due to plant-fungal competition for limiting N, 
since AM fungi are thought to have a greater N demand then plants. Second, P was 
added to the P-limited soil which resulted in a reduced mutualistic phenotype. This 
was attributed to an increase in readily available P for the plant which reduced the 
plants dependency on mycorrhizal P-uptake. When shading was combined with P 
fertilization, the weakly mutualistic phenotype switched to a slight parasitism. In this 
scenario, shading likely induced a C-limitation in the plant which further reduced C-
transfer to the fungus over the effect of P fertilization alone.  
Johnson and colleagues interpreted these results in terms of the functional 
equilibrium model that states, “plants should allocate biomass to structures that best 
garner essential resources that are most limiting” (Johnson et al., 2015). Using N:P 
ratios to predict N or P-limitation on the plant side of the symbiosis (N:P ratios 
between 14 and 16 indicate co-limiting or optimal N and P conditions, ratios below 
14 indicate N-limitation and ratios above 16 indicate P-limitation), when plants were 
inoculated with AM fungi, mutualisms could be predicted under P-limited conditions 
for the plants, while commensalism or parasitism were predicted when plants were 
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co-limited for N and P or N-limited, and finally parasitism was most likely in plants 
which were N-limited and C limited. 
 
1.3 Nutrient sanctions regulate nutrient flow between symbiotic partners 
Biological market theory predicts that in a mutualistic association each partner must 
be able to impose sanctions on nutrient exchange to the other partner to prevent 
cheating (Hoeksema et al., 2010). Along this line, recent studies have made the case 
for sanctioning mechanisms operating within the AM symbiosis involving plant-
regulated C transfer from the plant towards the fungus, and fungal regulated P 
transfer from the fungus to the plant (Hammer et al., 2011; Kiers et al., 2011; Zheng 
et al., 2015). In a three compartment in-vitro system, using transformed roots, Kiers 
et al. (2011) showed that when a root-organ culture was connected to two different 
fungal individuals, the roots supplied more C to the fungus providing the greatest 
phosphorus supply. Conversely, when an AM-fungal individual was connected to 
two plants, the fungus would transfer more phosphate towards the plant providing the 
greatest amount of C. Using the same in-vitro system, Hammer et al (2011) 
demonstrated that under reduced C availability to the plant, the AM-fungal partner 
reduced P transfer to the plant in addition to accumulating a significant amount of P 
in its mycelium along with several other nutrients which included K, S, Cl, Si, and 
Ca. These results agree with labeling studies that observed an increased P transfer 
from the AM-fungi to plant roots when the plants carbohydrate supply was increased 
(Bücking and Shachar-Hill, 2005; Lekberg et al., 2010) and less transfer to shaded 
plants (Zheng et al., 2015). Fellbaum et al. (2012) demonstrated that N transfer from 
the fungus to the plant may also depend on plant supplied C. The authors observed 
an increase in the uptake and transport of N from the fungus to roots along with 
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changes in N-transport metabolism in the fungus when root-organs were supplied 
with more sucrose. 
Most recently, Zheng et al (2015) demonstrated that the supply of above ground 
resources may affect the degree that these nutrient sanctioning mechanisms operate. 
Under high light conditions, plants preferentially allocated more C to the fungus 
supplying more P while under shading conditions, preferential allocation by the plant 
was eliminated. This result may explain observations that increased aboveground 
CO2 results in an increased C investment into mycorrhizas (Drigo et al., 2010; Garcia 
et al., 2008) which was also reported to increase MGRs (Klironomos et al., 2005). 
These results suggest that the operation of the plant C to fungal transfer control 
mechanisms depends on the availability of C resources in the plant. In community 
contexts, the amount of above ground resources could affect the degree of selection 
for the most beneficial symbiont. Consistent with the notion of nutrient control 
mechanisms selecting for the most beneficial symbiont, Johnson et al (2015) 
observed adaptations of three grassland AM communities to increased uptake of the 
most limiting nutrient in their native grassland. The authors performed a reciprocal 
inoculation experiment using soils and plants from two P-limiting and one N-limiting 
grassland. Soils, AM fungi, and rhizomes of Andropogon gerardii originating from 
each grassland community were reciprocally combined in a pot experiment. 
Intriguingly, fungal communities originating from the P or N-limiting soils provided 
the greatest increase in plant P or N concentration, respectively. This result suggested 
AM community adaptation to the N or P-limiting soil environment may be driven by 
C allocation providing a selective pressure for fungi which are efficient in relieving 
the plant of nutrient limitation. 
1.4 Variation in plant and fungal functional diversity 
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Extrapolating the predictions of the functional equilibrium model and model of host 
sanctions into field settings will likely pose a significant challenge because the 
models do not consider several aspects of the context dependency of the symbiosis. 
This includes when considering the functional diversity that exists within AM fungi 
and plants. Functional variation among AM fungi and plants have both been reported 
to alter mycorrhizal phenotypes. A major source of functional variation between 
plants and fungi are variation in resource demands of C, N and P which could 
influence mycorrhizal phenotypes. Several studies have documented that different 
AM fungal communities can exert different growth responses on their host plants. 
These variations in plant responses are likely due to variations in functional diversity 
between AM fungal communities. Within individual communities, several genotypes 
of AMF co-exist, and each one can induce dramatically different growth responses 
for the plant (Klironomos 2003; Johnson et al. 1997). Indeed, different isolates 
display a high functional diversity in traits and metabolism (Cavagnaro et al., 2005; 
Jakobsen et al., 2016). 
Similarly, several studies have document that different plant hosts can have a large 
effect in determining the plant growth response to a particular AM fungus (van der 
Heijden et al., 1998; Klironomos, 2003). AM fungi co-exist as multiple species in the 
roots of single plants and the composition of these AM fungal taxa can vary 
according to plant identity (even in the roots of co-existing but different plant species, 
divergent AMF communities are repeatedly found (Li et al., 2010; Scheublin et al., 
2004; Sykorová et al., 2007; Vandenkoornhuyse et al., 2003, 2002). Furthermore, 
several lines of evidence point towards natural selection operating at local scales 
driving responses between native plants and associated AM communities (Johnson et 
al., 2010; Klironomos, 2003; Maherali and Klironomos, 2007).  
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1.5 The role for biological stoichiometric theory to explain mycorrhizal 
functioning 
Across the functional equilibrium model and host sanctions model, a common theme 
is C, N and P dynamics between AM fungi and plants. These are the fundamental 
macro-elements of life, and ample evidence suggests that the evolution of life on 
earth is largely centered on the balance of these elements (Zhang and Elser, 2017; 
Manzoni et al., 2010; Loladze and Elser, 2011; Elser et al., 2010; Sterner and Elser, 
2002). While both models take into account C, N and P, Biological stoichiometry is 
the study of how the balance of elements, such as C, N and P, within organisms, 
constrains key organismal functions such as growth and reproduction (Sterner and 
Elser, 2002). For example, a key tenant in biological stoichiometry is the growth rate 
hypothesis (GRH) that predicts organismal growth rate is constrained by the balance 
of P and N uptake necessary to build the cellular RNA and protein machinery which 
is required for growth (Sterner and Elser, 2002). Evidence for this hypothesis has 
been found across the tree of life, from primary producers (e.g. algae and plants), 
consumers (zooplankton to vertebrates), and fungi and bacteria (Elser et al., 2003; 
Zhang and Elser, 2017). P concentrations can be found in greater proportion to N as 
growth rate increases across life-forms because of the requirement of more P rich 
RNA for faster growth (Sterner and Elser, 2002). Intriguingly, the hallmark of the 
mycorrhizal symbiosis is P uptake (Smith and Read, 2008). It’s possible that the 
GRH played a large role in the evolution of the AM symbiosis. Over 400MYA when 
algae first moved onto land, more sophisticated resource uptake mechanisms likely 
evolved for these plant ancestors to obtain a competitive advantage over one another. 
Fast-growth required more effective P scavenging mechanisms to fuel P-rich, 
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ribosome synthesis (Sterner and Elser, 2002). From the perspective of the fungus, 
plants that could grow more and had better access to light were likely a better C 
source. If this was the case, the requirement for C from the fungus and P from plant 
provided a positive selection pressure for the formation of the AM symbiosis. Thus, 
approaching the study of the AM symbiosis using theory of ecological stoichiometry 
may shed light on the ecology and evolution of the AM symbiosis. 
However, a large amount of evidence suggests that fast-growth is not always a 
winning strategy. For example, in plants and algae, slow growing organisms can 
often persist much better in the face of competition or stress compared to fast 
organisms. Slow growth can enable resources to be taken up in excess of growth 
requirements (a.k.a. luxury consumption) which enables resource reserves for 
allocation to stress avoidance mechanisms, or sustained growth or investments into 
reproduction when resource supply becomes low (Lambers and Poorter, 2004). In 
plants and algae, a key trait differentiating these two strategies is stoichiometric 
homeostasis, which refers to the degree an organism maintains its internal resource 
stoichiometry (e.g. N:P, C:P or C:N) as supply stoichiometry changes. Growth rate is 
a major determinant of this trait because faster growth requires a greater amount of N 
and P to be allocated to biomass construction and faster growing organisms tend to 
maintain narrow tissue N:P ratios as supply N:P changes (Sterner and Elser, 2002). 
Since growth responses of plants to AM fungi depend on N or P-limitation, and 
plants growth depends on variation in stoichiometric homeostasis, this trait may 
explain some variation in plant phenotypic responses to AM fungi. 
1.6 Salt stress may alter plant resource availability and metabolic demand for 
resources 
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Environmental stresses impose additional challenges to organisms which may require 
physiological adjustments to sustain growth and reproduction processes. Within this 
thesis I use salt stress as a model stress to investigate its interaction with plant 
resource allocation since several studies have detected interactions between resource 
levels (e.g. C, N, P) in plants and salinity stress (Yousfi et al., 2012; Iqbal et al., 2015; 
Hu and Schmidhalter, 2005; Khan et al., 2013). Moreover, soil salinization is a major 
threat to Australian and global agriculture, currently affecting more than 77 mha 
(million hectares) of which approximately 43 mha are attributed to salinization due 
to irrigation according to FAO, 2007. At a global scale salinization of arable land is 
spreading at an estimated 2mha a year and with increase in irrigation that will likely 
accompany the predicted increase in heat and drought events into the future, this 
trend will likely speed up (Abbas et al., 2013). AM fungi have repeatedly been 
shown to buffer the effect of salinity on plant productivity and represent a sought-
after biotechnological application to plant-agriculture (Porcel et al., 2012). For 
example, under conditions of salt AM fungi have been found to enhance N and P 
uptake, buffer the effects of ionic imbalances, and improve plants access to water  
(Augé, 2001; Evelin et al., 2009; Porcel et al., 2012; Negrão et al., 2017). However, 
so far widespread application of mycorrhizal technology has been unsuccessful. 
Salinity induces physiological drought in plants that can lead to stomatal closure and 
reductions in intrinsic photosynthetic capacity, overall reducing C assimilation 
(Yousfi et al., 2012). Moreover, the N and P requirement of plants subjected to salt 
stress compared to non-stressed plants may differ. Iqbal et al. found that excess N, 
which reduced growth in the absence of salt stress, was beneficial to plants under 
salt-stressed conditions. This was attributed to a higher N-demand for proline 
synthesis and other resistance mechanisms to salt stress (Iqbal et al., 2015). Chlorine 
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ions (Cl-) during salt stress can be antagonistic with nitrate (NO3
-) uptake that likely 
compounds the effect of osmotic stress on N uptake (Hu and Schmidhalter, 2005). 
Several studies report significant NaCl x P effects, although the results can depend 
on growth substrate and plant species. Salinity can reduce the availability of P in 
soils, due to interaction of NaCl with P sorption, however in sand solutions plants 
tend to increase P uptake with increasing salinity levels (Hu and Schmidhalter, 2005). 
Moreover, wheat plants subjected to salt stress that were foliar fertilized with P had 
increased growth as well as several physiological parameters such as photosynthesis 
and oxidative stress status were improved (Khan et al., 2013).  
Several other elements that are affected by salinity play important roles in plant 
energetics and resource acquisition and demand for C, N, and P. For example, wheat 
plants had more severe reductions in growth along with concentrations of potassium 
(K+)), calcium (Ca+), magnesium (Mg+) with increasing salt concentrations at 
limiting nutrient supply rates compared to optimal rates (Hu and Schmidhalter, 1997). 
K+ and Mg
+ are important co-factors for processes that include protein synthesis, 
glycolytic enzymes, and photosynthesis. K+ is also an important osmolyte that uses 
less energy for its uptake compared to the energy consumption needed for 
compatible solute production (Hu and Schmidhalter, 2005). A greater reliance on K+ 
uptake for osmotic adjustment may reduce N and P demand since compatible 
osmolyte production under salt stress has been attributed to increased N and P 
demand (Iqbal et al. 2015). K+ and Ca
+ compete with Na+ uptake; Na+ toxicity is a 
major factor affecting plant metabolism during salt stress. More recently, Ca+ 
signaling has been found to play a major role in drought and salt stress response, 
including in signaling for proline accumulation. Altogether, these observations 
demonstrate that salinity can alter the elemental demands of resources, especially C, 
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N, and P, for the plant. Accordingly, the predictions of functional equilibrium model 
and model of host sanctions may change under saline conditions. 
1.7 Reconciling these limitations using a functional trait approach 
Developed largely over the last decade, trait-based approaches have been mainly 
applied to study prokaryote, unicellular eukaryote and plant physiological responses 
to the abiotic environment and the organismal effect on their surrounding 
environment. Only recently, calls have been made for the application of the trait-
based approach to fungal biology, including the mycorrhizal symbiosis (Aguilar-
Trigueros et al., 2015; Behm and Kiers, 2014; Chagnon et al., 2013; Gamper et al., 
2010). 
A trait is defined as any morphological, physiological or phenological feature 
measurable at the individual level, from the cell to the whole organism (Garnier and 
Navas, 2012). which includes “–omic” levels such as the genome, transcriptome, 
proteome, ionome and phenome. Plants and fungi have several metabolic processes 
such as growth, storage, defense, and stress avoidance mechanisms, that require 
energy to maintain homeostasis under a given environment. With a finite amount of 
resources, trade-offs in investment should occur between these processes. A 
symbiotic partner can be considered an additional process to invest in. To predict 
mycorrhizal phenotypes under a variety of environmental conditions, the trait-based 
approach to observe resource allocation trade-offs between these 
metabolic/symbiotic processes could be used. Technologies to study the plant 
phenome and ionome of plants as well high throughput sequencing to study changes 
in AM fungal communities can enable a more detailed view of how plant and AM 
fungi interact with one another. By measuring traits at each of these levels in the 
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plant system I can identify resource partitioning trade-offs occurring within plants 
and relate these to fungi community composition changes.  
1.8 Thesis overview 
Overall, this thesis aims to build on current models of AM functioning by addressing 
key gaps in knowledge regarding the influence of plant and AM fungal diversity on 
mycorrhizal functioning. In the following experimental chapters I present this work. 
In the second chapter, I test the hypothesis that plant resource allocation strategy to 
growth vs storage is a determinant of plant phenotypic responses to AM fungi. Here, 
I grew two genotypes of Brachypodium dystachyon on a high throughput 
phenotyping platform and together with a destructive harvest show that 
stoichiometric homeostasis explains differential MGRs between the two genotypes. 
In the third chapter, I utilize the same experimental platform but subject these 
genotypes to salt stress to test the hypothesis that plant-AM fungal competition for N 
is exacerbated by salt stress and that plant growth strategy can explain differences in 
the plant phenotypic outcomes. For the firth chapter, I look at the symbiosis from 
the fungal point-of view, and I explore the associations between AM fungal 
community members and plant and microbial function across two wheat fields on a 
salinity gradient. Since the model of host sanctions predicts that AM fungal 
community assembly patterns should be linked to plant C availability and therefore 
plant performance traits, here I test the hypothesis that co-occurrence patterns of AM 
fungal taxa along salinity gradients are associated with traits linked to host 
performance along these gradients. Using DNA- based community profiling of AM 
fungi, plant ionome, and enzymatic assays of microbial resource scavenging activity 
together with a network analysis, I identify associations between AM community 
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members and several plant and microbial stoichiometric traits, some of which are 
directly associated with traits linked to plant performance. 
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Chapter 2: Resource allocation to growth or luxury 
consumption drives mycorrhizal responses in Brachypodium 
distachyon  
2.1 Abstract 
The arbuscular mycorrhizal (AM) symbiosis is a widespread and ancient 
association between plants and fungi. Although generally mutualistic, frequent 
observations indicate mycorrhizal growth responses (MGRs; the response of plants 
to growing in the presence of mycorrhizal fungi compared to growth in their absence) 
that range from positive to negative. These uncertain outcomes limit our capacity to 
exploit AM symbioses in managed systems and hinder our understanding of how 
natural selection can act on plant-fungal interactions. Using the cereal model 
Brachypodium distachyon, grown in the presence and absence of AM fungi on a 
high-throughput plant phenotyping platform, I show that genotype-specific MGRs 
are determined by the amount of carbon (C), nitrogen (N) and phosphorus (P) 
allocated to growth or luxury consumption. Consistent with previous observations, 
the presence of the fungus relieved phosphorus limitation and enhanced growth 
under phosphorus-limited conditions, but photosynthetic limitation induced N-
limitation was exacerbated by the fungus, likely because of N demand from the 
fungus. However, these responses were strongly dependent on host genotype: only 
the faster growing genotype utilised P transferred from the fungus to achieve a 
positive MGR under P-limited conditions. Under low N, the slower growing 
genotype had a C and N surplus which was linked to a less negative MGR compared 
to the faster growing genotype. These responses were linked to genotypic differences 
in the regulation of N:P stoichiometry, or stoichiometric homeostasis, which is 
  16 
 
coupled to resource allocation to growth or luxury consumption in diverse plant 
lineages. My results reveal a novel mechanism in plants by which plant genotype-
specific resource economics drive phenotypic outcomes during AM symbioses. 
2.2 Introduction 
Arbuscular mycorrhizal (AM) fungi are generally considered to be beneficial to their 
host plants by improving access to, and uptake of, nutrients under limiting conditions 
(Smith and Read, 2008). However, several studies have demonstrated that 
mycorrhizal growth responses (MGRs; the response of plants to growing in the 
presence of mycorrhizal fungi compared to growth in their absence) can range 
widely, from positive to negative and can be difficult to predict (Johnson et al., 1997; 
Klironomos, 2003). Several models have been proposed suggesting that this context 
dependency may be explained by dynamics of resource exchange between plants and 
fungi and that these dynamics may support the maintenance of AM associations for 
many plant species (Heijden and Walder, 2016; Johnson et al., 1997; Kiers and van 
der Heijden, 2006; Kiers et al., 2016; Walder and Heijden, 2015). One hypothesis 
links plant nitrogen (N) and phosphorus (P) limitation and the mycorrhizal carbon (C) 
source-sink balance to variation in MGRs (Johnson et al., 2015). Under low available 
soil P, an AM fungus can scavenge P and transfer this to the plant, alleviating P 
deficiency and causing positive MGRs. However, under low N, they may compete 
for plant-available N and cause reductions in C-assimilation capacity and contribute 
to further N deficiency, thus causing negative MGRs (Johnson et al., 2015). Given 
that AM fungi are ubiquitous in terrestrial ecosystems and associate with most plant 
species, including all important cereal crop species, it is critical to understand what 
factors drive variation in MGRs, particularly variation among plant genotypes that 
have been observed but poorly explained (van der Heijden et al., 1998; Hetrick et al., 
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1996; Klironomos, 2003).  
 
In agricultural systems, AM fungi can improve crop productivity due to improved 
nutrition, disease resistance, drought tolerance and effects on ecosystem services 
such as soil aggregation (Powell and Rillig, 2018). However, evidence suggests that 
mechanisms maintaining the symbiosis may have been selected against by plant 
domestication and modern crop breeding approaches resulting in low positive or 
even negative MGRs (Hetrick et al., 1992; Plett et al., 2016; Sawers et al., 2008; Zhu 
et al., 2001). In natural ecosystems, AM fungi have major roles in shaping plant 
community structure and function (Hartnett and Wilson, 2002; van der Heijden et al., 
1998; O’Connor et al., 2002). The effects have been hypothesized to be due to a 
combination of the mycorrhizal responsiveness and subordinate-dominance rank of 
plant community members (Urcelay and Díaz, 2003), the latter of which has been 
associated with the resource economic trade-offs in land plants (Elser et al., 2010) 
and stoichiometric relationships between N and P within individual plants (Johnson 
et al., 2015; Yang et al., 2016; Yu et al., 2010, 2011, 2011). Therefore, variation in 
MGRs between plants may be driven by mechanisms controlling plant C, N and P 
allocation to various functional processes (including their mycorrhizas). 
 
In plants, the regulation of C, N and P uptake and allocation to various functional 
processes are closely interconnected due to the central role these elements have in 
determining plant genotype specific growth and development (Hermans et al., 2006; 
Martin et al., 2002). The balance of C, N and P within ecosystems – known as 
ecological stoichiometry – is a primary determinant of biodiversity and ecosystem 
function (Elser et al., 2010; Mariotte et al., 2017; Wright et al., 2004; Yu et al., 2015) 
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and has been linked to plant responses to AM fungi (Johnson et al., 2015; Mariotte et 
al., 2017; Yang et al., 2016). The flexibility of N:P stoichiometry as measured by an 
index of N:P homeostasis (HN:P ; the degree to which tissue N:P follows supply N:P 
changes), is the physiological tendency of an organism to maintain constant tissue 
N:P over variation in supply N:P (Persson et al., 2010; Sterner and Elser, 2002)– as 
the degree of homeostasis decreases, the rate that tissue N:P follows supply N:P 
increases. In plants and algae, resources tend to be consumed in excess when N and P 
supplies are non-limiting for growth, which is referred to as ‘luxury consumption’ 
(Lambers and Poorter, 2004) and causes tissue N:P ratios to follow supply N:P and 
results in lower HN:P. However, when resources are limiting, genotype or species 
specific variation in functional traits such as growth rate may determine HN:P because 
growth depends on the coupled synthesis of ribosomes and proteins, which occurs at 
a 7.3:1 mass ratio when N and P are co-limiting. As a result, at low N and P supply, 
plants with faster growth rates may have N:P ratios that are constrained within a 
narrower range, resulting in greater HN:P. Plants with slower growth rates may have 
N and P concentrations that are decoupled from protein and ribosome synthesis due 
to ‘luxury consumption’, resulting flexible N:P ratios and a lower HN:P (Persson et al., 
2010; Sistla and Schimel, 2012; Sterner and Elser, 2002). Therefore, the extent a 
plant experiences N or P-limitation may be a function of the environmental supply of 
N and P as well as genotype dependent functional traits that together determine HN:P. 
I hypothesized that across a finite N:P supply gradient, variation in HN:P between 
genotypes would be linked to the resource limitation phenotypes that drive MGRs. 
 
Brachypodium distachyon has recently emerged as a model organism for plant 
biology, particularly with regard to cereals, with several wild accessions available 
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that remain unaltered by modern breeding approaches (Brutnell et al., 2015). I tested 
my hypothesis using two wild accessions of B. distachyon, Bd3-1 and Bd21, that I 
identified as possibly having contrasting patterns of N and P allocation to growth and, 
therefore, variable HN:P ; Bd3-1 was observed to be a larger plant at maturity, with 
more positive root growth response to N deficiency (Ingram et al., 2012)and had 
lower C and N containing metabolite concentrations compared to Bd21 (Ingram et al., 
2012; Shi et al., 2015). Using automated phenotyping, I grew Bd3-1 and Bd21 in 
field soil mixed with sand to achieve low N and P availability (see methods). Plants 
were grown in the presence or absence of an AM fungal community originating from 
a wheat field and under three N:P supply conditions: with added N (+N-P), added P 
(-N+P) or no supplemental N or P (-N-P). I predicted that under low P, a plant with a 
higher HN:P would respond with grow faster and use additional P in the presence of 
the fungus for more growth than a plant with a lower HN:P. However, under low N, 
additional demand for C and N in the presence of the fungus will trade-off more with 
plant growth in a faster growing plant with higher HN:P compared to a slower 
growing plant with lower HN:P. Therefore, between low N and low P supply, the 
plant with a greater HN:P would have a larger range of MGRs compared to a plant 
with lower HN:P (Figure 2.1).
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Figure 2.1. Hypothetical characteristics of Bd3-1 and Bd21(a) and MGRs relative to 
one-another under +N-P (b) and -N+P (c) in Brachypodium distachyon. Thin black 
lines emerging from roots represent AM fungal hyphae. Solid arrows from N (blue 
box) and P (green box) indicate sufficient nutrient supply for the plant, and dashed 
arrows indicate inadequate supply in the presence of AM fungi. Under +N-P, Bd3-1 
may use P acquired through AM fungi for growth while Bd21 may store the P, 
resulting in a greater MGR in the acquisitive plant relative to the conservative plant. 
Under Low N, AM fungi may compete for plant available N, resulting in lower plant 
C-acquisition for the entire plant-fungal system. Because of a high allocation of C 
and N to growth in Bd3-1, I expect Bd3-1 to experience a greater trade-off in C-
allocation between plant and AM fungal growth and therefore experience a more 
negative MGR relative to the conservative strategist. 
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2.3 Materials and Methods 
 
2.3.1 Plant genotypes, AM Fungal inoculum generation, nutrient additions and 
potting 
I generated AM fungal inoculum from soil collected from a wheat field in 
Coomandook, South Australia (S 35° 27' 4.754''E 139° 44' 6.762''), where I had 
previously identified active AM-associations (unpublished). I cultured my fungal 
communities with maize (Zea mays L.) to maximize inoculum potential for my 
experiment from the AM fungi present in those soils. Maize was selected as a plant 
to generate inoculum since it is a C4 plant and produces a large root system which 
together would support more fungal biomass compared to B. distachyon. Maize 
plants were grown under glasshouse conditions from October 2015 to September 
2016, maintained at 24/20°C day/night. Maize was selected as a host to propagate 
fungal biomass because as a larger, C4 plant, compared to B.distachyon it produces 
more C and likely to host a greater AM fungal biomass and diversity (e.g. less likely 
to have competition between AM fungal species). Two successive plant generations 
were grown with a one month dormancy period in between plantings, which some 
AM fungi required for spore germination. Before the start of the second generation, 
cultures were diluted two-fold with sterilised river sand to bulk up inoculum. Before 
the start of the experiment, cultures were dried in the glasshouse then stored in the 
dark at room temperature until the experiment. Inoculum consisted of dry soil and 
root fragments from these dried pots. 
 
Soil was collected from the same site of origin as the AM inoculum in Coomandook, 
South Australia. I sieved the soil (2 mm), autoclaved it twice, and oven dried it 
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overnight at 80°C. Resin-extractable (Mclaughlin et al., 1994) P and available N 
analysis (Cavagnaro et al., 2006) of the dry, autoclaved soil indicated a plant 
available P of 44.2 mg/kg and NH4NO3 of 69.2 mg/kg in undiluted soil. I targeted a 
co-limiting treatment of around 17 mg/kg P and 24 mg/kg N since these levels were 
previously shown to induce a differential mycorrhizal response in a grass (Johnsen et 
al., 2015). To achieve a low nutrient availability level, I diluted the field soil with 80% 
(w:w) dry sand (N40 from Sloans Sands, SA, Australia). Using resin P and N 
analysis, I obtained a plant-available P of 8.8 mg/kg and available N of 17.2 mg/kg. I 
created three N:P supply treatments with the following nutrient combinations: 
additional N (+52.2 mg/kg NH4NO3 of dry soil) + micronutrients (+N-P treatment), 
additional P (+35.4 mg/kg of dry soil) + micronutrients (-N+P treatment), and 
micronutrients only (-N-P treatment). Micronutrients were added in the following 
rates (in mg/kg dry soil): K2SO4 , 75; CaCl2.2H2O, 75; MgSO4.7H2O, 45; 
CuSO4.5H2O, 2.1; ZnSO4.7H2O, 5.4; MnSO4.H2O, 6.4; CoCl2.6H2O, 0.33; 
Na2MoO4.2H2O, 0.18; H3BO3, 0.3 and FeEDTA, 0.4. Using a cement mixer that had 
only been used to mix sterilised soil and was surface sterilised with ethanol, I 
thoroughly mixed the field soil, sand and nutrients in 25 kg batches while accounting 
for all moisture additions, so at the end of mixing all potting mix had a 2% (w/w) soil 
moisture content. 
 
Prior to potting, three inocula were generated from the original inoculum: a live 
inoculum, a mock inoculum, and microbial wash. The mock inoculum was generated 
by autoclaving the live inoculum twice, while the microbial wash was created by 
mixing live inoculum with water (1:6 w/v), mixing for 15 min by shaking by hand 
every 5 min and sieving the slurry through a 38 µm sieve to collect the filtrate which 
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would exlude all AM spores. Additionally, a microbial wash was made in the same 
way using unsterilised Coomandook field soil. At the time of potting, live inoculum 
or mock inoculum was added to the AM+ or AM- pots by weighing out 1,320 g dry 
soil and 100 g dry inoculum for each individual pot into a zip-lock back and mixing 
by hand for 45 s to ensure even distribution of the inoculum. At the end of potting, 
all pots received 20 mL of each soil/inoculum filtrate. Seeds of Bd21 and Bd3-1 were 
surface sterilized in 10% bleach solution and thoroughly rinsed in reverse osmosis 
(RO) water. Four seeds were sown per 1L pot, after which each pot was watered to a 
final weight of 1,492 g which corresponded to a soil water content of 70% of water-
holding capacity. The soil water holding capacity was determined prior to potting by 
saturating pots containing 1,430 g dry soil with water and then letting the pot drain 
overnight, followed by weighing the pot and soil. The differences between the pot 
with dry soil and the pot with water saturated soil corresponded to the soil water-
holding capacity (g/g).  
 
2.3.2 Plant growth conditions 
The two accessions of B. distachyon (Bd21 and Bd3-1) were grown, separately, in 
diluted field soil amended with macro- and micro-nutrients but without additional N 
and P (-N-P control), with additional P (-N +P) or with additional N (+N-P), and in 
the presence (AM+) or absence (AM-) of AM fungi. The experiment was conducted 
at the Australian Plant Phenomics Facility at the University of Adelaide, South 
Australia using a Scanalyzer 3D system (LemnaTec GmbH, Aachen, Germany) 
which enabled daily non-destructive red-green-blue (RBG) imaging (one top-view 
and two side-view images) and daily watering-to-weight. The experiment 
commenced at the start of October 2016 (i.e. Austral spring) when there was 
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approximately 12 h of daylight. As B. distachyon is a long-day plant, these daylight 
hours were chosen to avoid any confounding issues with flowering and physiological 
comparisons between genotypes. Average irradiance ranged from 47 to 467 (µmole/ 
m2/ s ) per day throughout the experiment. Glasshouse conditions were kept at 25°C 
day/ 20°C night and relative humidity was set at 70% throughout the experiment, 
however actual temperature and humidity deviated from these values. 
An additional salt treatment was included in the experiment, however the results of 
these pots are not presented here. Plants were grown for 12 days, after which plants 
were thinned to one plant per pot and where in pots where no germination occurred, 
or seedlings were slow to develop, healthy and uniform seedlings from different pots 
of the same inoculation and nutrient treatment were transplanted to have evenly 
developed and healthy plants in all pots. Throughout this early growth period, pots 
were manually watered-to-weight every second day to maintain a soil moisture 
content of 70% of water-holding capacity. After 20 days of growth, plants were 
loaded onto the conveyor system. The experiment was laid out in a grid of pots 
within the glasshouse occupying six Lanes (rows) × 24 Positions (columns) on the 
conveyors. A row-column design, generated with DiGGer (Coombes, 2009), a 
package for the R statistical computing environment (R Core Team, 2017), was used 
to assign thecombinations of two Genotypes by two AM treatments by three Nutrient 
treatments to the pots. For each genotype, there were 6 treatments replicated 6 times 
except for one treatment where a plant died early into growth. For the last 26 days, 
plants were imaged and watered-to-weight daily by the Scanalyser 3D system where 
they were monitored using non-destructive RGB imaging (one top and two side 
views of each plant were recorded) which were subsequently used to estimate plant 
size and growth rates (Al-Tamimi et al., 2016). 
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2.3.3 Plant harvest and tissue elemental analysis, and root staining 
At harvest (day 47) shoots were removed, weighed to obtain fresh weight, then oven 
dried at 70°C for 48 h to obtain dry weight. For elemental analysis, shoots were 
ground to a fine powder using a steel-ball mill and analysed for total P using a 
PANalytical Epsilon 3x X-Ray Fluorometer as previously described (Reidinger et al., 
2012) and C and N using 40 mg of tissue in an elemental analyser (Flash EA 1112 
Series CHN analyser, Thermo-Finnigan, Waltham, MA, USA). Whole root systems 
with rhizosphere soil attached were placed in 50 mL tubes and stored at 4°C. Over 
three days, roots were washed and sub sampled for fungal staining by randomly 
selecting fine roots and placing them into plastic cassettes which were subsequently 
stored in 30% ethanol (v/v). The remaining root tissue was oven dried at 70°C for 48 
h. Roots were stained for quantification of fungal colonisation using a modified 
version of the ink-vinegar method (Vierheilig et al., 1998). Briefly, roots were 
cleared for 8 min at 90°C in 10 % KOH, rinsed 3× in 5% acetic acid solution and 
immersed in ink for 8 min at 90°C followed by submergence in 1:1:1 lactic 
acid:glycerol:water for destaining overnight before mounting onto slides. I assessed 
percent root length colonised using the grid-line intersect method (McGonigle et al., 
1990) by scoring presence or absence of AM fungi along 50 to 60 intersects. No 
colonisation was observed in AM- treatments. 
2.3.4 Data processing and trait calculations  
Using the RGB images, I calculated projected shoot area (PSA), absolute growth rate 
(AGR), and hue angle (i.e. greenness) values according to methods previously 
described (Al-Tamimi et al., 2016; Neilson et al., 2015). Breifly, PSA is an estimated 
shoot area based on the summed pixel area from three cameras that include the plant. 
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For example, if a plant takes up 50 pixels in each image from three cameras, the PSA 
is 150. AGR was determined from the change in PSA per day. Hue angle is an 
estimate of greenness from those pixels which include the plant. I removed plants 
from the average hue analysis that displayed significantly deviating hue values at 
subsets of time-points. These removed values were overrepresented at early 
timepoints and were likely due to the small plant size and inability of the image 
analysis platform to distinguish the plant from the pot outline. Two pots were 
removed from the analysis; one where the plant died early in growth and a second 
that showed significantly reduced growth and was also a transplant. 
Tissue N:P ratios are expressed on a mass basis. I calculated stoichiometric 
homeostasis coefficient (HN:P) of B. distachyon Bd21 and Bd3-1 using the inverse of 
the slope of the line of log-shoot N:P as a response of log-supply N:P (Elser et al., 
2010; Sterner and Elser, 2002). A high coefficient indicates a plant’s tissue N:P 
remains more constant as supply N:P changes, while a lower coefficient indicates a 
plant tissue N:P changes with soil available N:P. Mycorrhizal growth responses 
(MGRs) were calculated using PSA of individual AM plants and mean PSA of non-
mycorrhizal (NM) plants using the equation, 100[(AM – mean NM)/ mean NM] 
(Cavagnaro et al., 2003). Shoot area mass ratio (SAMR; PSA per fresh shoot fresh 
mass) was expressed on a fresh-weight basis. Total weight (g), shoot weight (g), and 
root weight (g), and root mass fraction (RMF) was expressed as a dry mass basis, 
unless specified. Plant hue angle values were extracted from the day of AGRmax of 
each pot for the Principal Components Analyses (PCA) analysis or from the final day 
of growth for the percent colonisation analysis. PCA of plant traits were conducted 
using the rda function from the 'vegan' library (Oksanen et al., 2013) in R (R Core 
Team, 2017), using standardised trait values to produce the ordination. The PC1 axis, 
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which I referred to as the ‘C-acquisition response’, was extracted using the scores 
function in ‘vegan’. All analyses were performed using R version 3.3.2. For the 
correlation analysis of PSA and biomass, the function cor() was used in R version 
3.3.2. 
 
2.3.5 Statistical analysis of longitudinal growth data 
The whole experiment consisted of an additional salt treatment of which data is not 
presented here. To facilitate a robust statistical analysis, the salt treatment was 
included in the analysis however I only report results pertaining to the the non-saline 
treatment. To produce PSA and AGR growth curves, a mixed-model analysis was 
performed for PSA using the method of longitudinal analysis outlined by Brien and 
Demétrio (Brien and Demetrio, 2009). The R packages ASReml-R versions 3 (Butler 
et al., 2009) and 4 (Butler, 2017) and asremlPlus (Brien, 2017) were used. Multiple 
model comparisons, using REML ratio tests and information criteria, were made to 
assess the need for unequal variances, autocorrelation between times, and random 
individual plant curves.  
In a detailed description of the procedure, the following mixed model was selected: 
    𝑦 = 𝑋𝛽 + 𝑍𝑢 + 𝑒,  
where 𝐲 is the response vector of values for the trait being analysed; 𝛃 is the vector 
of fixed effects; 𝐮 is the vector of random effects; and 𝐞 is the vector of residual 
effects. 𝐗 and 𝐙 are the design matrices corresponding to 𝛃 and 𝐮 respectively. The 
fixed-effect vector 𝛃 is partitioned as 
[𝜇 𝛽𝑥𝐿
⊤ 𝛽𝑥𝑃
⊤ 𝛽𝐹1
⊤ 𝛽𝐹2
⊤ 𝛽𝐹3
⊤ 𝛽𝐺:𝑆:𝑁:𝐴𝑀
⊤ 𝛽𝑥𝐷
⊤ 𝛽𝑥𝐷:𝐹1
⊤ 𝛽𝑥𝐷:𝐹2
⊤ 𝛽𝑥𝐷:𝐹3
⊤ 𝛽𝑥𝐷:𝐺:𝑆:𝑁:𝐴𝑀
⊤ ],
where 𝜇 is the overall mean and the 𝛃 subvectors correspond to the respective fixed 
effects of (i) linear trends for Lanes (xL) and for Positions (xP) in the Smarthouse, (ii) 
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the 4 main effects (F1), (iii) the 6 two-factor interactions (F2), (iv) the 4 three-factor 
interactions (F3) and (v) the four-factor interaction from the factors Genotype (G), 
Salt (S), Nutrient (N) and AM, (vi) the linear DAP trend (xD), and (vi) the 
interactions of the linear trend with one (xD:F1), two (xD:F2) and three (xD:F3) of 
the factors Genotype (G), Salt (S), Nutrient (N) and AM, respectively, as well as (viii) 
xD:G:S:N:AM. The random effects vector 𝐮 is partitioned as [𝑢1
⊤ 𝑢2
⊤]. The first of 
these contains the terms that model the effects of the factors Genotype (G), Salt (S), 
Nutrient (N) and AM on the curved trend and is partitioned as  
𝑢1
⊤ =
[𝑢𝑠𝑝𝑙(𝑥𝐷)
⊤ 𝑢𝑠𝑝𝑙(𝑥𝐷):𝐹1
⊤ 𝑢𝑠𝑝𝑙(𝑥𝐷):𝐹2
⊤ 𝑢𝑠𝑝𝑙(𝑥𝐷):𝐹3
⊤ 𝑢𝑠𝑝𝑙(𝑥𝐷):𝐺:𝑆:𝑁:𝐴𝑀
⊤ 𝑢𝐷
⊤ 𝑢𝐷:𝐺:𝑆:𝑁:𝐴𝑀
⊤ ], 
 
where the first five of the subvectors of 𝐮1 are the curved day after planting (DAP) 
trend terms, modelled using splines and analogous to the fixed terms for the linear 
DAP trend (xD); the last two 𝐮 subvectors are random deviations from the overall 
fitted DAP curve and from the fitted DAP curves for each combination of the four 
factors Genotype (G), Salt (S), Nutrient (N) and AM. The second of the two 𝐮 
subvectors models random variation in the experiment and is partitioned as  
 
𝑢2
⊤
= [𝑢𝑠𝑝𝑙(𝑥𝐿)
⊤ 𝑢𝑃𝑙𝑎𝑛𝑡
⊤ 𝑢𝑥𝐷:𝑃𝑙𝑎𝑛𝑡21
⊤ 𝑢𝑥𝐷:𝑃𝑙𝑎𝑛𝑡31
⊤ 𝑢𝑠𝑝𝑙(𝑥𝐷):𝑃𝑙𝑎𝑛𝑡21
⊤ 𝑢𝑠𝑝𝑙(𝑥𝐷):𝑃𝑙𝑎𝑛𝑡31
⊤ ], 
where the subvectors of 𝐮1 correspond to the respective effects of a curved Lanes 
trend fitted by a spline (spl(xL)), random variation in the linear DAP trend (xD) for 
individual plants for Bd21 and for Bd 31, and random variation in the curved DAP 
trends (spl(xD)) for individual plants for Bd21 and for Bd 31. The design matrices 𝐗 
and 𝐙 are partitioned conformably to 𝛃 and 𝐮, respectively. The residual effects 𝐞 are 
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assumed to be distributed as 𝑁(0, 𝜎2𝐼) being the variance of individual observations. 
Fits obtained with number of knots (𝑘) equal to 6, 8, 10 and 12 for the terms in 𝐮1 
were compared and 6 was chosen as it gave sufficiently smooth AGR curves. This 
model was used to obtain predicted values along with their confidence limits. The 
AGR was calculated from the PSA predictions for each of the treatment 
combinations by taking differences between PSA predictions for pairs of consecutive 
DAPs. AGRmax and average AGR was determined by taking the maximum absolute 
growth rate or the average absolute growth rate over the measurement period. 
2.3.6 Plant trait data 
For the analysis of these traits a mixed model of the same general form as the 
longitudinal data was used, but with the fixed-effect vector β partitioned as 
[𝜇 𝛽L 𝛽xP 𝛃AM
⊤  𝛃G
⊤ 𝛃AM:G
⊤  𝛽xc 𝛃N
⊤ 𝛃AM:xc
⊤ ; 𝛃AM:N
⊤  𝛃G:xc
⊤ ; 𝛃G:N
⊤  𝛃AM:G:xc
⊤ ; 𝛃AM:G:N
⊤  𝛃C
⊤] 
where μ is the overall mean, βL is the effect for Lane differences, βxP is the linear 
trend for Positions, the subvectors 𝛃AM
⊤ , 𝛃G
⊤, 𝛃AM:G
⊤ , 𝛃N
⊤ , 𝛃AM:N
⊤ , 𝛃G:N
⊤ , and 𝛃AM:G:N
⊤  are 
the effects of the factors Genotype (G), Nutrient (N) and AM, 𝛽xc, 𝛃AM:xc
⊤ , 𝛃G:xc
⊤ , and 
𝛃AM:G:xc
⊤  are the linear terms for a covariate and its dependence on the factors G and 
AM, and 𝛃C
⊤ = [𝛽xC 𝛽xC:G 𝛽xC:N 𝛽xC:G:N] are the linear terms for percent 
Colonization fitted only to the observations for inoculated plants, being the overall 
linear trend (xC), and the interactions of the linear trend with Genotype (xC:G), 
Nutrient (xC:N) and Genotype-Nutrient 
combinations (xC:G:N), respectively. The covariate terms and the terms for percent 
Colonization do not occur in all models and not together in the model for a response. 
The random effects vector u is partitioned as 
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𝐮2
⊤ = [𝐮spl(xP)
⊤  𝐮
spl(xc)
⊤  𝐮spl(AM:xc)
⊤  𝐮spl(G:xc)
⊤  𝐮spl(AM:G:xc)
⊤  𝐮P
⊤], 
where the subvectors of u correspond to the respective effects of a curved Positions 
trend fitted by a spline (spl(xP)), the curved trend for the covariate (spl(xc)) and the 
effects of the factor AM and G on it, and random deviations from the curved 
Positions trend (P). Again, the covariate (xc) occurs only in selected models. The 
variance for the residual term e is a block diagonal matrix with 2 blocks 
corresponding to the two genotypes, respectively, the blocks being of the form 𝜎21
2 𝐈 
and 𝜎31
2 𝐈. These analyses were conducted using the packages ASReml-R (Brien and 
Demetrio, 2009) and asremlPlus (Butler et al., 2017), packages for the R statistical 
computing environment (R Core Team, 2017). 
2.4 Results  
2.4.1 Phenotypic responses to nutrient treatments and AM fungi 
Projected shoot area (PSA) was strongly correlated with shoot fresh weight (R2=0.95) 
and dry weight (R2=0.93) at the single destructive harvest (Figure S 2.1), confirming 
use of this metric as a suitable proxy for plant biomass, as shown previously (Al-
Tamimi et al., 2016; Golzarian et al., 2011; Honsdorf et al., 2014). I found that AM 
treatments were well colonised by AM fungi and that NM treatments did not have 
AM fungi. Moreover, I did not observe an effect of colonisation between genotypes 
in every nutrient treatment. 
 
The growth responses of Bd21 and Bd3-1 to N or P addition were compared to the -
N-P control and in the presence and absence of AM fungi using PSA and the 
maximum absolute growth rate (AGRmax) derived from PSA over the measurement 
period. While Bd3-1 exhibited a greater average AGRmax and PSA than Bd21, the 
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differences were dependent on both the nutrient and fungal treatments (Figure 2.2). 
In the absence of AM fungi, PSA and AGRmax of both genotypes responded 
positively to N addition (+N-P), compared with the -N-P control, showing that the 
basal soil (i.e. -N-P) was N-deficient. Addition of P (-N+P) resulted in no observed 
effect on shoot growth and trends in PSA and absolute growth rate (AGR) began to 
slow earlier followed by a decline in AGR compared to the added N treatment (+N-
P). Added N resulted in PSA and AGR trends in an upward direction for a longer 
period compared to the N deficient treatments (-N-P and -N+P) but eventually began 
to slow followed by a decline in AGR later on. From an early measurement period 
(~day 25) across all nutrient treatments, Bd3-1 had greater AGR and PSA compared 
to Bd21. 
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Figure 2.2. Projected shoot area (PSA) (a) and absolute growth rate (AGR) (b) 
plotted against days after planting. Bd21 (red line) and Bd3-1 (blue line) grown 
under -N+P (left panel), -N-P (middle panel) and +N-P (right panel), in the presence 
of AM fungi (solid lines) or absence (dotted lines). Measurements were taken daily 
from day 20 to 46. Curves were obtained from linear mixed-effect models fitted to 
the whole of the raw data that included smoothing spline terms for the trends of Days 
after planting (n=6, except for Bd21 AM-/+N-P and Bd21 AM+/+N-P where n=5). 
Shaded areas around lines are estimated 95 % confidence intervals calculated from 
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the fitted values generated by the model. c: Box-and-whisker plots of mycorrhizal 
growth response (MGR) calculated with PSA (at 45 days). Positive and negative 
MGRs indicate that AM fungi increase or decrease the growth of plants under each 
nutrient treatment relative to their AM- control, respectively. The horizontal dotted 
line at MGR=0 indicates where inoculation with AM fungi did not alter plant growth. 
n=6 per treatment, except for Bd21/AM-/+N-P and Bd21/AM+/+N-P where n=5. 
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Inoculation with AM fungi resulted in reduced PSA and AGR in the -N+P and -N-P 
treatments indicating that AM fungi caused growth depressions when plants were N-
deficient. In addition, this growth depression was larger in Bd3-1 compared to Bd21. 
Under +N-P, AM fungi did not induce a significant change in PSA on the final day 
of growth (day 46) in either genotype. However, between day 34 and 42, Bd3-1 
experienced slightly greater PSA in the presence of AM fungi under +N-P. I then 
calculated the MGRs of both genotypes across these conditions and observed that 
Bd3-1 had slightly more positive MGRs under –N+P and slightly more negative 
MGRs under –N-P and +N-P compared to Bd21 (Figure 2.2c; PG:N = 0.003). 
 
2.4.2 Genotypes have differences in growth and luxury consumption in response to 
nutrient treatments and AM fungi 
Principal components analysis (PCA) revealed that shoot trait responses were driven 
by changing N availability, that AM fungi may be exacerbating N deficiency under 
N deficient conditions, and that AM fungi may be exacerbating this N deficiency 
more in Bd3-1 compared to Bd21 (Figure. 3). Plants grown in the absence of N 
addition (-N-P and -N+P) treatments, had negative PC1 values and plants grown with 
added N (+N-P) had positive PC1 values. Total shoot N (TN) was strongly positively 
loaded along this axis and shoot area mass ratio (SAMR) was strongly negatively 
loaded. Shoot P concentration (P) and Root mass fraction (RMF) loaded moderately 
negatively while PSA, hue angle (HA), shoot N concentration (N), and shoot C 
concentration (C) loaded moderately positively. This indicated that, in the absence of 
N addition (-N-P and -N+P), plants were likely N deficient. Inoculating with AM 
fungi resulted in a negative shift in PC1 loadings and this shift was larger in the 
absence of added N than when N was added. This shift was greater in Bd3-1 
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compared to Bd21. Accordingly, under low N conditions it appeared that the 
presence of AM fungi exacerbated N deficiency more in the fast growing genotype, 
Bd3-1, compared to the slower growing genotype Bd21 (Figure. 3). 
 
The PCA also revealed genotypic differences in growth and shoot concentrations of 
C, N and P, which used to infer luxury consumption of N and P. When plants were N 
deficient, they had greater concentrations of P relative to N and C, indicating luxury 
consumption of P, and when N was added, N and C concentration increased relative 
to P, indicating luxury consumption of N and C. Across the nutrient treatments, Bd21 
tended to have greater C, N, and P concentrations than Bd3-1, while Bd3-1 tended to 
have higher RMF, PSA, and AGRmax. This indicated that Bd21 accumulated more C, 
N and P but grew less compared to Bd3-1, which invested more C, N and P into 
growth. This result supported my prediction that Bd21 would accumulate more N 
and P while Bd3-1 would allocate those resources towards growth. 
 
2.4.3 N and P allocation to growth or luxury consumption are determinants of B. 
distachyon HN:P  
I then assessed the relationship between HN:P, or tissue N:P variability, and growth. 
When plotting tissue N:P against supply N:P across the three nutrient treatments to 
calculate HN:P, I found that Bd3-1 had a more constant tissue N:P as supply N:P 
changed (higher HN:P) compared to Bd21 (Fig. 4 a; P G:log(NP Supply) < 0.001). 
Accordingly, under -N+P and -N-P, where N:P supply ratios were 0.39 and 1.95 
respectively, Bd3-1 had greater N:P ratios than Bd21, and under +N-P, where the 
N:P supply ratio was 2.9, Bd3-1 had smaller N:P ratios than Bd21. 
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 Figure 2.3. Principal component (PC) analysis of Bd21 and Bd3-1 functional traits. 
Shoot area - mass ratio (SAMR; fresh projected shoot area / fresh shoot weight), 
average hue angle (HA), total N (mg), shoot P concentration (mg/g), shoot N 
concentration (mg/g), and root mass fraction (RMF; dry root weight / dry total plant 
weight) are displayed. PC1 explained 58% of variation and PC2 explained 22% of 
variation. 
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I examined the relationship between tissue N:P ratios and traits associated with 
growth and found a narrower range of tissue N:P ratios in Bd3-1 (greater HN:P) and a 
greater N and P investment towards growth. I also found a link between growth and 
the Redfield ratio of 7.3:1, which is the ratio where tissue N and P concentrations 
have been observed, associated with maximum growth (Ågren et al., 2012; Sterner 
and Elser, 2002). I constructed a new PCA that included traits associated with C 
assimilation and growth (i.e. C concentration, SAMR, AGRmax, PSA, and HA) and 
plotted the PC1 axis against shoot N:P ratios of both genotypes to reveal that Bd3-1 
had a larger range in PC1 trait responses compared to Bd21 (Fig. 4 c; PG:TNP < 0.001). 
Plants that had added N (+N-P) had high PC1 values and N:P ratios at or above 7.3:1, 
while plants that were N deficient (-N-P and -N+P) had N:P ratios below 7.3:1. 
Moreover, Bd3-1 had N:P ratios closer to the Redfield ratio in every nutrient 
treatment compared to Bd21, which resulted in a narrower range of N:P ratios for 
Bd3-1. When plotting PSA on the day of harvest against tissue N:P I found that Bd3-
1 plants also tended to have greater PSA than Bd21 (Figure 4 c; PPSA:M:N = 0.013). 
 
I also observed that, in the presence of AM fungi, shoot N:P ratios were slightly less 
flexible in both genotypes, as indicated by a greater HN:P (Figure 2.4a; PM:log(SNP) = 
0.04). This was driven by the presence of AM fungi resulting in a slightly larger 
decrease of shoot N:P ratios at higher supply N:P ratios (i.e. +N-P) compared to 
lower supply N:P ratios (i.e. -N-P and +N-P). However, examining the hypothesis 
tests of tissue N:P ratio response to the nutrient treatments when treated as factors 
rather than continuous variables (i.e. N:P ratios) revealed that this trend was 
marginally non-significant (PAM:N = 0.056).  
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 Figure 2.4. The coordination of plant traits, tissue N:P in response to supply N:P. a: 
Log tissue N:P plotted against log supply N:P used to calculate N:P homeostasis 
coefficients (HN:P =1/slope of the relationship) of the genotypes, b: the first 
component axis (PC1) associated with growth- and allocation-associated traits (C 
concentration, SAMR, AGRmax, PSA, and HA) plotted against tissue molar N:P ratio 
of Bd21 and Bd3-1, and c: PSA on the day of harvest plotted against tissue N:P ratio. 
Plant genotype is represented by colour: Bd21 (red), Bd3-1 (blue), mycorrhizal 
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treatments are represented by empty shapes and dotted lines (AM-) or filled shapes 
and solid lined (AM+). Vertical dashed lines indicate a mass N:P ratio of 7.3:1 
(molar ratio 16:1) that represents the Redfield ratio. -N+P (triangles), -N-P (squares) 
and +N-P pots (circles) are shown. N=6 per treatment, except for Bd21 AM-/+N-P 
and Bd21 AM+/+N-P where n=5. Lines were fitted as approximate trends of the true 
relationships which are represented in the statistical analysis using the maximal 
models. The stoichiometric coefficient values were determined from the slopes of the 
lines in the maximal model: In the absence of AM fungi, B3-1 (blue) had a HN:P of 
5.9 and Bd21 (red) had a HN:P of 2.8. In the presence of AM fungi, Bd3-1 had a HN:P 
of 6.4 and Bd21 has a HN:P of 2.9. Tissue N:P the AM+ pots (filled circles, solid lines) 
was significantly less than that of the AM- pots (empty circles, dashed lines) 
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2.4.4 C, N and P allocations to growth or luxury consumption are linked to MGRs 
in B. distachyon 
Under added N, as N:P ratios approached the Redfield ratio, PSA increased in both 
genotypes (Figure 2.4 c; PTNP<0.001). This indicated that P may be limiting growth 
as N:P ratios increased above the Redfield ratio. The addition of AM fungi resulted 
in more total shoot P in both genotypes (Shoot P concentration: PAM:N =0.02; Total 
shoot P; P AM:N <0.001). This resulted in a negative shift in the N:P ratios towards the 
Redfield ratio. However, in Bd3-1 N:P ratios shifted to a mean of 7.3:1 along with a 
significant increase in PSA, while in Bd21 N:P ratios were larger than 7.3:1 and PSA 
did not increase (Figure 2.4 c; PM:G=0.009). Under these conditions Bd21 
accumulated greater concentrations of N concentrations compared to Bd3-1 (Figure 
2.3), leading to the greater N:P ratios. 
 
I then examined shoot C and N concentrations and found that negative MGRs under 
N deficient conditions were linked to reductions in C and increases in N 
concentration. Under N deficient conditions, in the absence of AM fungi, Bd3-1 had 
a greater PSA, slightly lower C concentration but lower N concentration than Bd21 
(Figure 2.5 a and b; C concentration: PG= 0.009, N concentration: PG< 0.001). When 
AM fungi were added, PSA decreased to a similar level in both genotypes, while C 
concentration decreased, and N concentration increased to similar levels (C 
concentration: PM= 0.002, N concentration: PG:N:M = 0.03). This led to AM fungi 
inducing a greater decrease in C:N ratio in Bd3-1 compared to Bd21 (Figure 2.5 c; 
PM:G:N = 0.018). 
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Figure 2.5. Box-and-whisker plots of a: shoot C concentration, b: shoot N 
concentration, and c: shoot C:N ratio. (n=6, except for Bd3-1 AM-/ -N-P, Bd21 AM-
/+N-P and Bd21 AM+/+N-P where n=5). Points above and below box-and-whiskers 
represent data points outside 1.5× the interquartile-range 
  42 
 
Finally, I examined the relationship between percent root length colonised by AM 
fungi and functional traits associated with N response and identified evidence that 
increased AM colonisation was exacerbating N deficiency symptoms in B. 
distachyon (Figure 2.6). This was indicated by negative trends in plant hue angle on 
day 46 (Figure 2.6 a;P%colonisation = 0.04) and shoot N concentration for both 
genotypes (Fig.6 b; P%colonisation < 0.001), the slopes being the same for both the 
genotypes and the nutrient treatments as can be verified from the summaries of 
hypothesis tests (Appendix A.3). Despite this evidence, across all treatments, 
changes in percent root length colonised were positively correlated with total dry 
plant weight, with the genotypes and the nutrient treatments all exhibiting the same 
slope (Figure 2. 6 c; P%col = 0.02, P%col: G = 0.65, P%col: N = 0.87, P%col: G: N = 0.61).  
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Figure 2.6 AM fungal colonisation in the acquisitive (Bd3-1, blue) and conservative 
(Bd21, red) genotype plotted against a: Hue angle on day 46, b: Shoot N 
concentration (mg/g) under the three nutrient treatments, and c: Total dry biomass. 
The acquisitive and conservative growth strategies refer to the tendencies of Bd3-1 
and Bd21 to grow faster and slower, and have lower and higher concentrations of N 
and P, respectively. Shapes representing individual replicates under -N+P (triangles), 
-N-P (squares) and +N-P (circles) are shown. Lines were fitted as approximations to 
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the trends obtained in the mixed model analysis. n=6 per treatment, except for Bd21 
AM+/+N-P where n=5.  
2.5 Discussion 
Taken together, the results presented here provide a novel framework to investigate 
plant responses to AM fungi whereby MGRs are driven by the regulation of C, N and 
P allocation within the plant together with environmental supply of N and P. First, I 
demonstrate that B. distachyon stoichiometric flexibility, or HN:P, is determined by 
inherent genotype differences in N and P allocation to growth or luxury consumption. 
I also show that presence of AM fungi within the soil exacerbate N deficiency and 
increase P uptake to plants which causes negative and more positive MGRs under N-
limiting and P-limiting supply conditions, respectively, but plant genotypic 
differences in growth and luxury consumption determine the magnitude of these 
MGRs. By demonstrating this link, I show that plant genotypic differences in 
resource allocation are an important determinant of phenotypic responses to AM 
fungi.  
 
2.5.1 The coupling of shoot N:P to growth is linked to growth and luxury 
consumption in B. distachyon 
Central to my findings is the growth rate hypothesis, which applies to all living 
organisms on earth, and predicts that the coupling of tissue N:P to growth-rate is 
determined by P-rich ribosomal RNA that is required for the synthesis of N-rich 
proteins and organelles, in support of growth (Ågren et al., 2012; Elser et al., 2010; 
Persson et al., 2010; Sistla and Schimel, 2012; Sterner and Elser, 2002). When both 
N and P are co-limiting growth, molar N:P ratios at maximum growth rate tend to 
converge to 7.3:1 mass ratio (16:1 molar ratio) because of an optimal coupling of 
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protein and ribosome production to support high-growth(Ågren et al., 2012; Elser et 
al., 2010). This was also the ratio in B. distachyon where I observed the greatest PSA 
in my experiment, in Bd3-1 in the presence of AM fungi under +N-P. Moreover, I 
found that Bd3-1 was faster growing and had a higher degree of N:P homeostasis 
(HN:P) compared to Bd21, which was slower growing and had a lower HN:P because it 
accumulated more N or P. These results are in line with previous observations that 
rapid growth in plants and algae drives tissue N:P ratios within a narrower range, 
increasing HN:P, because of the coupled use of N and P between ribosomes and 
proteins while slower growing plants and algae tend to have larger ranges in N:P, 
decreasing HN:P, because of the luxury accumulation of N and P (Elser et al., 2010; 
Persson et al., 2010). 
 
2.5.2 Allocations of C, N and P to growth or luxury consumption determine 
phenotypic responses to AM fungi 
I show that the different ranges of MGRs experienced by Bd3-1 and Bd21 across the 
nutrient treatments were linked to genotypic differences in allocation of N and P to 
growth or luxury consumption. This was done using PC analysis of to show 
coordinated trait responses which reflect resource allocation constraints in our plants. 
Under N deficient conditions, I observed evidence of competition between AM fungi 
and plants for N that was indicated by negative shifts in the PC1 trait response when 
AM fungi were present under N deficient conditions. This resulted in lower C and N 
concentrations, HA, PSA, and AGRmax and increased SAMR, and RMF. These 
responses can be explained by the large proportion of plant N that is present in 
chlorophyll, leading to reduced chlorophyll production when plant N decreases 
(Evans, 1983). Decreased plant C-gain because of reduced chlorophyll likely resulted 
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in reductions in shoot PSA, while increased RMF suggested greater N scavenging to 
cope with the N-limitation (Hilbert, 1990). The larger PC1 reduction in Bd3-1 in the 
presence of AM fungi when N:P ratios were low compared to the Bd21 may be 
explained by the tendency of Bd3-1 to invest more in growth compared to Bd21. 
Under reduced N availability in the absence of AM fungi, Bd3-1 was larger than 
Bd21 but had lower N concentrations. Thus, Bd21 may have had surplus N, while 
Bd3-1 had N tied up in biomass and chlorophyll. In the presence of competition for 
N by AM fungi, Bd3-1 had a greater decline in shoot greenness compared to Bd21, 
which likely caused a larger decrease in C production for Bd3-1 leading to a more 
negative MGR. 
 
When N was added (+N-P), Bd3-1 was better able to use addition P in the presence 
of the fungus for growth compared to Bd21. This is supported by the observation that 
the increase in PSA due to AM fungi in Bd3-1 was linked to a greater total shoot P, 
shift in N:P ratios towards the Redfield ratio along with more growth, while Bd21 
also had greater shoot P but maintained greater C, N and P concentrations and did 
not grow as much. This suggests that under added N, Bd21 was luxury consuming P 
rather than using it for growth. Overall, I show the tendency for Bd3-1 to grow larger 
and for Bd21 to accumulate more N and P contributed to variation in HN:P and 
influenced the resulting shoot phenotype both in the presence and absence of AM 
fungi. In doing so, I link a genotypic difference in MGR in B. distachyon to the 
allocation of C, N, and P to growth or luxury consumption. 
 
2.5.3 Stoichiometric homeostasis may help explain plant responses to AM fungi in 
managed and natural systems  
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The functional trait coordination of Bd3-1 and Bd21 supports the notion that the 
genotypes may be considered more acquisitive and conservative growth strategists. 
By demonstrating this link, my results may help explain variation in MGRs across 
land plants, including crops, and may also help explain variation in the effects of AM 
fungi on plant community structure (Grime, 2006; van der Heijden et al., 1998; 
O’Connor et al., 2002; Urcelay and Díaz, 2003; Yang et al., 2016).  
 
Acquisitive plants tend to be larger with greater shoot N and P requirement compared 
to conservative strategists (Mariotte, 2014). Although Bd3-1 was the larger plant, I 
observed a greater N and P concentration in the shoots of Bd21. I attribute this to the 
tendency of some slower growing plants to accumulate resources in excess of their 
growth demands (Lambers and Poorter, 2004; Sistla and Schimel, 2012). Bd3-1 also 
had a greater RMF across the experiment compared to Bd21, which indicates a 
greater demand for below-ground resources and is consistent with a more acquisitive 
growth strategy (Lambers and Poorter, 2004).  
 
The effect of AM fungi on plant diversity has been suggested to be dependent on the 
mycorrhizal responsiveness of the dominant and subordinate plant species in the 
community (Urcelay and Díaz, 2003). I suggest the mechanism that I described here 
may help explain some of these effects. Under low P, reductions in diversity have 
been attributed to AM fungi when dominant species are more mycorrhizal responsive 
than subordinates because the presence of AM fungi intensified competition by 
enhancing the growth of dominants (Hartnett and Wilson, 2002; Newsham et al., 
1995; O’Connor et al., 2002). On the other hand, several studies have found that AM 
fungi increase diversity which has been proposed to occur when both dominant and 
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subordinate species are mycorrhizal responsive (Grime et al., 1987; van der Heijden 
et al., 1998). Dominant plants tend to be more acquisitive strategists than 
subordinates, which tend to be more conservative species (Mariotte, 2014). Moreover, 
dominant plants have been found to have a greater HN:P than subordinate plants 
species (Mariotte et al., 2017). My findings potentially provide the mechanistic basis 
for the effects of AM fungi on plants with different growth strategies, but also 
suggest that resource availability is a key factor in determining the outcome of 
interactions between dominant and subordinate plants. Mariotte et al. (2017) 
hypothesised that, under low N supply conditions induced by drought, subordinate 
plants benefit more from AM fungi compared to dominant plants because the former 
have a greater resource surplus that enables C transfer in the absence of a growth 
depression. My results support this notion, since I found that the MGR was not as 
strongly negative in Bd21 compared to Bd3-1 under low N and that was linked to 
Bd21 having a greater C and N surplus. Further studies should explore the link 
between HN:P variability of coexisting plant species and the effect of AM fungi on 
their community structure. 
 
These findings may apply to agricultural crops as well. In a survey of ten wheat 
cultivars, Hetrick et al. (1996) found growth responsiveness of the plants to P was a 
good indication of mycorrhizal responsiveness and that non-responsive cultivars had 
significantly higher P concentrations than responsive cultivars (Hetrick et al., 1996). 
In a similar study using six different wheat cultivars, Zhu et al. (2011) found 
negative MGRs for all cultivars and a negative relationship between growth 
responsiveness to P and MGRs (Zhu et al., 2001). However, the authors speculated 
that light, and therefore C, may have been a limiting factor to growth in their 
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experiment. In both these studies, non-responsive cultivars had greater P 
concentrations in the presence of AM fungi, indicating P transfer occurs in the 
presence of AM fungi but growth responsiveness depends on genotype as well as 
photosynthetic limitation. Similarly, I found that under N-limitation, which limited 
chlorophyll production, plants were not responsive to AM fungi. However, under 
low P, Bd21 was less responsive to AM fungi because it accumulated P to higher 
percentages than Bd3-1, while Bd3-1 likely allocated the additional P for growth and 
therefore had a greater mycorrhizal responsiveness. Future studies should investigate 
whether mycorrhizal responsiveness in crops is related to resource utilisation for 
growth vs luxury consumption. This may lead to a better understanding of the 
determinants crop plant mycorrhizal phenotypes.  
 
 2.5.4 Altering AM fungal functional diversity could also affect plant function 
This study focused primarily on host physiology, but it is probable that aspects of 
fungal physiology are also of consequence in determining the plant phenotypic 
response. As plants growing in the field normally form AM symbioses with some or 
all of the AM fungal assemblage present, I used an inoculum that contained a 
mixture of AM fungi from the same agricultural soil as used for preparing the soil 
mix in which plants were grown. Moreover, assemblages of AM fungi can vary in 
composition and the effect of individual AM fungi on the MGRs of a single plant 
species, including B. distachyon, can be highly variable (van der Heijden et al., 1998; 
Klironomos, 2003) Moreover, different AM communities that originate from 
different locations or vary in taxonomic composition have been found to exert 
different effects on plant phenotype(Johnson et al., 2015; Maherali and Klironomos, 
2007). Therefore, altering the community of AM fungi used to inoculate plants could 
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vary if a different AM community was used. Our understanding of how AM fungal 
functional diversity affects plant function is limited. However, a recent survey across 
fungi (but not including N and P data for AM fungi) showed an average convergence 
of N:P ratios to 7.3:1, which reflects the conserved balancing of protein and 
ribosome synthesis to support growth that exists across all biota (Zhang and Elser, 
2017). This also suggests that resource economic approaches may be applied to 
understand trade-offs in fungi and may even help explain variation in how different 
AM fungal communities drive plant growth outcomes (Powell and Rillig, 2018). 
Non-the-less, my observed MGRs are in agreement with the results of previous 
studies that subjected plants and their AM fungal communities to low N and low P 
environments, which suggests that the role of plant N and P-limitation in determining 
plant responses to AM fungal communities may be broadly generalisable. 
 
2.5.5 Conclusion 
Brachypodium distachyon is an emerging cereal model with many resources for in-
depth investigations into mechanisms driving a diverse array of ‘wild’ phenotypes 
(Brutnell et al., 2015). The similarity in MGRs I observed here and in previous 
studies with crop species, such as wheat and barley, suggest that B. distachyon is a 
suitable model for studying the AM symbiosis (Jakobsen et al., 2016; Stonor et al., 
2014). For the first time, to my knowledge, I provide evidence that N and P supply, 
together with plant resource allocation strategies, are important determinants of plant 
phenotype outcomes during the AM symbiosis. Taken together with previous data, 
my study provides important evidence that resource stoichiometry may be a key 
factor in determining the function of AM symbiosis in natural and managed 
ecosystems globally.  
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Chapter 3: Salinity exacerbates nitrogen competition 
between Brachypodium and mycorrhizal fungi but plant 
growth strategy mediates growth depressions 
3.2 Abstract 
 Arbuscular mycorrhizal (AM) fungi have been reported to reduce the negative 
effects of salt stress on plant growth. However, under non- stressed conditions AM 
fungi may be competing with plants for N, and it is well known that salt stress can 
have negative effects on nitrogen (N) transport into the plant and, therefore, 
potentially exacerbate competition between plants and fungi for N when N is limiting. 
I evaluated the shoot growth, greenness, and senescence phenotypes of two 
genotypes of the cereal model Brachypodium distachyon (Bd21 and Bd3-1) using 
automated imaging on a high-throughput phenomics platform. Plants were grown 
under variable soil N and P supply rates, low and high salinity levels and in the 
presence or absence of AM fungi. I also performed a destructive harvest and 
functional trait analysis, which revealed that salt stress exacerbated competition 
between plants and AM fungi for N. The effect of this competition on shoot growth, 
greenness, and senescence phenotypes was genotype-dependent and linked to the 
resource-use or growth strategy of each genotype. The tendency of the acquisitive 
genotype (Bd3-1) to use resources for growth, rather than storage, led to a greater 
degree of leaf yellowing and senescence in the presence of AM fungi and under salt 
stress, particularly when soil N availability was low, compared to the conservative 
genotype (Bd21). Further, under high N conditions and in the presence of AM fungi 
and salt stress, the acquisitive genotype was better able to maintain greener shoots 
with less senescence compared to the conservative genotype. 
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3.3 Introduction 
Soil salinization is a major threat to global agriculture, currently affecting more than 
77 million hectares (mha) and spreading at an estimated 2 mha per year (Abbas et al., 
2013). Salt-stress can severely impact plant acquisition and utilization of carbon (C), 
nitrogen (N) and phosphorus (P), leading to reduced plant performance. Salt stress 
can alter plant and AM fungal growth as well as influence symbiotic responses 
(Porcel et al, 2013; Juniper and Abbot, 2012; Aroca et al., 2013). Arbuscular 
mycorrhizal (AM) fungi are present in most agricultural systems and can enhance a 
plant’s access to water (Augé, 2001), P (Smith and Read, 2008), N (Govindarajulu et 
al., 2005), and K (Porcel et al., 2012) which has been reported to be beneficial to the 
plant under salt stress (Porcel et al, 2013). However, the association represents a 
substantial C cost for the plant that can lead to negative mycorrhizal growth 
responses (MGRs) because the fungus can compete with the plant for N under low N 
conditions(Johnson et al., 1997). Importantly, the salt stress can negatively affect the 
availability of N to the plant and therefore potentially exacerbate plant competition 
with AM fungi under N-limiting conditions. Moreover, variation in plant genotypes 
(van der Heijden et al., 1998; Klironomos, 2003) can determine the magnitude of 
plant growth responses to the presence of AM fungi and potentially affect the 
observed MGRs. Currently, these context-dependent responses under salinity are 
difficult to predict because there is a lack of sufficient understanding of how N 
availability, salt stress, AM fungi and plant genotype interact to determine plant 
phenotypic outcomes.  
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A major determinant of both salt stress response and MGRs are the balance of C, N, 
and P in the plant. Recent evidence has shown that the range of MGRs is largely 
determined by the plant C source-sink balance under low N and low P conditions 
(Johnson et al., 2015). Under low P, plants tend to benefit from P transfer from the 
fungus because of alleviation of P-limitation, while under low N the fungus can 
compete for N and exacerbate the negative effects of N-limitation on growth and 
photosynthesis. However, salt stress can have a major impact on the acquisition and 
transport of these resources for the plant, resulting in reduced C, N and P uptake (Hu 
and Schmidhalter, 2005; Iqbal et al., 2015; Yousfi et al., 2012). For example, plants 
will close stomata and decrease leaf surface area to reduce water loss in response to 
salinity, but this may reduce C assimilation (Curtis and Lauchli, 1986; Yousfi et al., 
2012; Lieu et al.,2017). Moreover, salinity also decreases N and P uptake to plants 
through Cl- ion competition with NO3
- and PO4
3- and can also induce the synthesis of 
compatible solutes that are rich in N and C and that help maintain turgor pressure 
inside cells (Yousfi et al., 2012). Consequently, these mechanisms may reduce 
allocation of N and C towards processes supporting growth and even result in visibly 
less chlorophyll production (i.e. leaf yellowing) , which will further decrease 
photosynthetic capacity under low N soil conditions (Munné-Bosch and Alegre, 
2004). Thus, the influence of salinity on C source-sink balance may be an important 
consideration for predicting mycorrhizal phenotypes of plants under salt stress.  
 
A functional trait can be any feature of an organism that responds to the uptake and 
allocation of C, N and P within a plant and are useful for understanding plant 
resource economics (Bloom et al., 1985; Reich, 2014). One of the primary tradeoffs 
that all land plants face is the acquisition-conservation tradeoff that explains two 
  54 
 
ends of a growth-strategy spectrum between fast-growth, to be competitive for light 
and other resources, and slow growth, being more tolerant to stress and competition 
(Reich, 2014). For example, leaf senescence is an important mechanism that plants 
use to reallocate resources from leaves to other processes in support of improving 
fitness (Munné-Bosch and Alegre, 2004), and conservative and acquisitive plants can 
have lower and higher rates of senescence under drought stress, respectively (Pérez-
Ramos et al., 2013). Similar comparisons under salt stress are lacking. This 
difference may be explained by the tendency for conservative plants to grow more 
slowly while accumulating higher concentrations of resources compared to 
acquisitive plants. Recently, I used shoot functional traits obtained using a high-
throughput phenotyping system and destructive end-point measurements to reveal 
that two genotypes of the cereal model Brachypodium distachyon exhibited 
conservative or acquisitive growth strategies. I found that a single axis of variation 
that included traits linked to chlorophyll production and biomass partitioning across 
the shoot could explain C source-sink relations as N availability changed. These 
traits, in the absence of other abiotic stresses, could explain changes in plant N or P-
limitation and growth responses to the presence of AM fungi (MGRs) (Thesis 
Chapter 2). Importantly, these traits may be used to understand the physiology of 
MGRs under salt stress. 
 
Since salt stress severely impacts C, N and P uptake and assimilation by plants, I 
sought to characterize how plant resource allocation are altered by the presence of 
AM fungi under salt stress and to test the hypothesis that plants with conservative 
and acquisitive resource use strategies could explain shoot phenotypic responses in 
genotypes experiencing salt stress under different levels of soil fertility. By 
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monitoring shoot growth and leaf color and senescence, together with measurements 
of functional traits involved in shoot resource allocation, I assessed the effect of AM 
fungi on plant resource allocation under salt stress in these two genotypes. I 
predicted that salt stress would have a more negative effect on the shoot phenotype 
of the acquisitive genotype compared to the conservative genotype under both low N 
and low P conditions. Moreover, I predicted that the presence of AM fungi would 
exacerbate this negative effect under low-N because of salts exacerbation of plant 
and fungal N uptake mechanisms leading to greater N-limitation for plant and fungus 
and exacerbating competition for N. However, I predicted that positive (or less 
negative) growth responses would be more likely under low P because P transfer 
from the fungus would alleviate P-limitation that was exacerbated by salt stress. 
Alternatively, since AM fungi have been found to transfer N under some conditions, 
AM fungi may benefit plants under low N and salinity. 
 
3.4 Materials and Methods 
3.4.1 AM fungal inoculum generation, nutrient additions and potting 
AM fungal inoculum was collected from a wheat field located in Coomandook, 
South Australia (S 35° 27' 4.754''E 139° 44' 6.762'') where a gradient in soil salinity 
was observed and wheat was being grown. AM cultures, potting soil mixes, and 
potting was conducted as previously described (Thesis Chapter 1). Briefly, soil from 
a mix of saline and non-saline areas of the gradient was cultured with maize (Zea 
mays L.) for 11 months, over two successive plant generations. Maize was selected 
as a plant to generate inoculum since it is a C4 plant and produces a large root system 
which together would support more fungal biomass compared to B. distachyon. Prior 
to the experiment a four Brachypodium plants were grown with an aliquot of 
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inoculum added to the growth medium and the presence of AM fungal colonisation 
was confirmed four weeks later using the ink-vinegar staining method described 
below (McGonigle et al., 1990). Potting soil was collected from the same field as the 
AM fungal inoculum, sieved (2mm) and oven-dried overnight at 80°C and sterilized 
by twice autoclaving at 121oC for 1h, with a one-day rest between cycles. Using 
resin P and N analysis, I obtained a plant-available P of 8.8 mg/kg and available N of 
17.2 mg/kg in the baseline soil. Using an ethanol-sanitised cement mixer that had 
only been used with sterilized soil, I created three nutrient treatments: additional N 
(+52.2 mg/kg NH4NO3 of dry soil) + micronutrients (+N-P treatment), additional P 
(+35.4 mg/kg of dry soil) + micronutrients (-N+P treatment), and micronutrients only 
(-N-P treatment). Micronutrients were added in the following rates: 75 mg/kg 
K2SO4; 75 mg/kg CaCl2.2H2O; 45 mg/kg MgSO4.7H2O; 2.1 mg/kg CuSO4.5H2O; 
5.4 mg/kg ZnSO4.7H2O; 6.4 mg/kg MnSO4.H2O; 0.33 mg/kg CoCl2.6H2O; 0.18 
mg/kg Na2MoO4.2H2O; 0.3 mg/kg H3BO3 and 0.4 mg/kg FeEDTA. A mock AM 
fungal inoculum was generated  
by autoclaving the live inoculum (obtained from AM cultures) twice. A live 
inoculum microbial wash created by mixing live inoculum with water (1:6 w/v), 
mixing for 15 min by shaking by hand every 5 min and sieving the slurry through a 
38 µm sieve to collect the filtrate, which was expected to contain living microbes 
also present in the inoculum but not include AM fungi. Additionally, an AM fungal-
free soil microbial wash was made in the same way using unsterilized Coomandook 
field soil that was collected from the low salt site for potting mix. At the time of 
potting, live inoculum or mock inoculum was added to the AM+ or AM- pots at a 
rate of 100 g per 1320 g dry soil and placed into a zip-lock back and mixing by hand 
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for 45 s. After filling each pot with soil and inoculum, 20 mL of the soil microbial 
wash and 20mL of the live inoculum microbial wash were added to each.  
 
3.4.2 Plant growth conditions and salt-treatment 
The experiment commenced at the start of October 2016 (i.e. Austral spring) when 
there was approximately 12 h of daylight. Average irradiance ranged from 47 to 467 
μmol / m-2 / s-1 throughout the experiment. Glasshouse conditions were kept at 25°C 
day/ 20°C night and relative humidity was set at 70 % throughout the experiment. I 
used a high throughput phenotyping system (Lemnatec,Germany) where daily 
images of shoots were taken up until destructive harvest on day 46. Seeds were 
surface sterilized with 10% bleach and planted at a rate of 4 per pot. On the 14th day 
of growth, plants were thinned out to one plant per pot, ensuring that all pots had 
plants that were similar in size and leaf number. In some cases, plants were 
transplanted from one pot to another of the same treatment to ensure even plant 
development across all pots. Plants were watered-to-weight every second day up 
until day 20, when the pots were manually loaded onto the conveyor system, when 
daily imaging and water-to-weight by the Scanalyser 3D system commenced.  
Prior to the start of the experiment I grew both genotypes under 0mM, 40mM, 80mM, 
and 190mM salinity to determine their upper salt tolerance. Many plants died in the 
190mM treatment, so I chose 80mM as an appropriate salinity level for this 
experiment. Watering was stopped two days prior to salt treatment, which was 
applied 25 Days after planting (DAP) by adding 104 mL of 119 mM NaCl solution to 
the top of the pot. This amount and concentration of solution brought pots up to 90% 
bench capacity by weight. Once pots dried back down to 70% bench capacity by 
weight, the target salt concentration in the 70% bench capacity water column would 
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be 80 mM. The same procedure was performed on 0 mM control pots using water 
instead of the salt solution. 
 
3.4.3 Plant harvest, tissue elemental analysis, and root staining 
Harvesting was conducted as previously described (Thesis Chapter 2). Briefly, 
shoots were removed, and fresh weights were obtained, then oven-dried at 70 °C for 
48 h to obtain dry weights. Entire shoots (green and scenesced material) were ground 
into a fine powder using a ball mill and P concentration was determined using a 
PANalytical Epsilon 3
x
 X-Ray Fluorometer as previously described (Reidinger et al., 
2012), while N and C content was determined by flash combustion (Flash EA 1112 
Series CHN analyser, Thermo-Finnigan, Waltham, MA, USA). Roots were washed, 
and fine roots were selected from multiple portions of the root system and stored in 
30% ethanol (v/v) for root staining. The remaining root tissue was oven dried at 
70 °C for 48 h. Roots were stained for quantification of fungal structures using a 
modified version of the ink-vinegar method (McGonigle et al., 1990). Roots were 
cleared for 8 min at 90 °C in 10 % KOH, then rinsed in 5% acetic acid solution three 
times followed by immersion in ink for 8 min at 90 °C. Finally, roots were 
submerged in 1:1:1 lactic acid:glycerol:water overnight for destaining before 
mounting onto slides.  
 
3.4.4 Data processing and trait calculations 
Projected shoot area (PSA), hue angle (HA) as a measure of plant greeness, and 
proportional senescence (PS; the ratio of scenescing leaves to green leaves) values 
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were calculated using the RGB image data, which is described in Neilson et al. 
(2015). Shoot area mass ratio (SAMR) (PSA : g dry shoot) and root mass fraction 
(RMF; mass dry root • mass dry plant-1) were calculated after harvest. Mycorrhizal 
growth responses (MGRs) using PSA of individual AM plants and mean PSA of NM 
plants using the equation, 100 [(AM – mean NM) • mean NM-1 ] (Cavagnaro et al., 
2003). 
3.4.5 Longitudinal Analysis 
To produce curves for trend over time and rate of change, a mixed-model analysis 
was performed for Proportion Senesced (PS) and Hue angle (HA) using the method 
of longitudinal analysis outlined by Brien and Demétrio (2009). For the longitudinal 
analysis for PSA and AGR please refer to thesis chapter 1. The R packages ASReml-
R versions 3 (Butler et al., 2009) and 4 (Butler, 2017) and asremlPlus (Brien, 2017) 
were used. Multiple model comparisons, using REML ratio tests and information 
criteria, were made to assess the need for unequal variances, autocorrelation between 
times, and random individual plant curves. The following mixed model was selected: 
𝐲 = 𝐗𝛃 + 𝐙𝐮 + 𝐞, 
where 𝐲 is the response vector of values for the trait being analysed; 𝛃 is the vector 
of fixed effects; 𝐮 is the vector of random effects; and 𝐞 is the vector of residual 
effects. 𝐗 and 𝐙 are the design matrices corresponding to 𝛃 and 𝐮 respectively. 
The fixed-effect vector 𝛃 is partitioned as 
[𝜇 𝛽xL 𝛽xP 𝛃F1
⊤ 𝛃F2
⊤ 𝛃F3
⊤ 𝛃G:S:N:AM
⊤ 𝛽xD 𝛃xD:F1
⊤ 𝛃xD:F2
⊤ 𝛃xD:F3
⊤ 𝛃xD:G:S:N:AM
⊤ ], 
where (i) 𝜇 is the overall mean, 𝛽xL is the linear trend for Lanes in the Smarthouse, 
𝛽xP is the linear trend for Positions in the Smarthouse, and 𝛽xD is the linear trend 
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over DAPs, (ii) the subvectors 𝛃F1
⊤ , 𝛃F2
⊤ , 𝛃F3
⊤  and 𝛃G:S:N:AM
⊤  are the subvectors for the 
respective fixed effects of the 4 main effects, the 6 two-factor interactions, the 4 
three-factor interactions, and the four-factor interaction from the factors Genotype 
(G), Salt (S), Nutrient (N) and AM, and (iii) the subvectors 𝛃xD:F1
⊤ , 𝛃xD:F2
⊤ , 𝛃xD:F3
⊤  and 
𝛃xD:G:S:N:AM
⊤  are the subvectors for the interactions of the linear trend with one 
(xD:F1), two (xD:F2) and three (xD:F3) of the factors Genotype (G), Salt (S), 
Nutrient (N) and AM, respectively, as well as xD:G:S:N:AM. 
The random effects vector 𝐮 is partitioned as [𝐮1
⊤ 𝐮2
⊤]. The first of these contains 
the terms that model the effects of the factors Genotype (G), Salt (S), Nutrient (N) 
and AM on the curved trend and is partitioned as 
𝐮1
⊤
= [𝐮spl(xD)
⊤ 𝐮spl(xD):F1
⊤ 𝐮spl(xD):F2
⊤ 𝐮spl(xD):F3
⊤ 𝐮spl(xD):G:S:N:AM
⊤ 𝐮D
⊤ 𝐮D:G:S:N:AM
⊤ ], 
where the first five of the subvectors of 𝐮1 are the curved DAP trend terms, modelled 
using splines and analogous to the fixed terms for the linear DAP trend (xD); the last 
two 𝐮 subvectors are random deviations from the overall fitted DAP curve and from 
the fitted DAP curves for each combination of the four factors Genotype (G), Salt 
(S), Nutrient (N) and AM. The second of the two 𝐮 subvectors models random 
variation in the experiment and is partitioned as 
𝐮2
⊤ = [𝐮spl(xL)
⊤ 𝐮Plant
⊤ 𝐮xD:Plant21
⊤ 𝐮xD:Plant31
⊤ 𝐮spl(xD):Plant21
⊤ 𝐮spl(xD):Plant31
⊤ ], 
where the subvectors of 𝐮1 correspond to the respective effects of a curved Lanes 
trend fitted by a spline (spl(xL)), random variation in the linear DAP trend (xD) for 
individual plants for Bd21 and for Bd 31, and random variation in the curved DAP 
trends (spl(xD)) for individual plants for Bd21 and for Bd 31. The design matrices 𝐗 
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and 𝐙 are partitioned conformably to 𝛃 and 𝐮, respectively. The residual effects 𝐞 are 
assumed to be distributed as N(𝟎, 𝜎2𝐂) for Proportion Senesced and N(𝟎, 𝜎2𝐈) for 
Hue angle, where 𝜎2 is the variance of individual observations and 𝐂 is the 
correlation matrix for first-order autoregressive correlation between Days for each 
plant. Fits obtained with number of knots (𝑘) equal to 6 for the terms in 𝐮1, having 
been chosen for the analysis of the PSA data. This model was used to obtain 
predicted values along with their confidence limits. 
3.4.6 Analysis of plant trait data from the day of harvest 
For the analysis of all other traits, mixed models of the following form were used: 
y = Xβ + Zu + e, 
where y is the response vector of values for the trait being analysed; β is the vector of 
fixed effects; u is the vector of random effects; and e is the vector of residual effects. 
X and Z are the design matrices corresponding to β and u respectively. 
The fixed-effect vector 𝛃 partitioned as [𝜇 𝛽L 𝛽xP 𝛃factors
⊤  𝛃cov
⊤  𝛃C
⊤], where 𝜇 is the 
overall mean; 𝛽L is the effect for Lane differences, 𝛽xP is the linear trend for 
Positions, the subvector 𝛃factors
⊤  is partitioned as 
[𝛃S
⊤ 𝛃AM
⊤  𝛃S:AM
⊤  𝛃G
⊤ 𝛃S:G
⊤  𝛃AM:G
⊤  𝛃S:AM:G
⊤  𝛃N
⊤  𝛃S:N
⊤  𝛃AM:N
⊤  𝛃S:AM:N
⊤  𝛃G:N
⊤  𝛃S:G:N
⊤  𝛃AM:G:N
⊤  𝛃S:AM:G:N
⊤ ] 
and accounts for the effects of the factors Salt (S), Genotype (G), Nutrient (N) and 
AM; 𝛃cov
⊤  is the subvector of linear terms for a covariate, if there is one, and is 
partitioned as [𝛽xc 𝛃S:xc
⊤  𝛃AM:xc
⊤  𝛃S:AM:xc
⊤  𝛃G:xc
⊤  𝛃S:G:xc
⊤  𝛃AM:G:xc
⊤  𝛃S:AM:G:xc
⊤ ], with 
these terms representing the dependence of the trend on the factors S, AM and G; the 
subvector 𝛃C
⊤ is partitioned as 
[𝛽xC 𝛽xC:S 𝛽xC:G 𝛽xC:S:G 𝛽xC:N 𝛽xC:S:N 𝛽xC:G:N 𝛽xC:S:G:N], these being the linear terms 
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for percent Colonization fitted only to the observations for inoculated plants, being 
the overall linear trend (xC), and the interactions of the linear trend with the factors S, 
G and N. The covariate terms and the terms for percent Colonization do not occur in 
all models. 
The random effects vector 𝐮 is partitioned as [𝐮spl(xP)
⊤  𝐮spl(cov)
⊤  𝐮P
⊤]. The subvector 
𝐮spl(cov)
⊤  is partition in an analogous manner to 𝛃cov
⊤ . The subvectors of 𝐮 correspond 
to the respective effects of a curved Positions trend fitted by a spline (spl(xP)), the 
curved trend for the covariate and its dependence on the factors S, G and N, and 
random deviations from the curved Positions trend (P). Again, the covariate (xc) 
occurs only in selected models. The variance for the residual term 𝐞 is a block 
diagonal matrix with each block allowing for a different variance for either the 
combinations of N and AM, the Genotypes, the Salt treatments or the combinations 
of Genotype and Salt. 
REML ratio tests were used to test for the significance of the random effects and 
Wald F-tests, employing degrees of freedom calculated using the Kenward-Rogers 
method, were used to select the fixed model. These analyses were conducted using 
the packages ASReml-R (Butler et al., 2009) and asremlPlus (Brien, 2018), packages 
for the R statistical computing environment (R Core Team, 2018). 
3.5 Results 
3.5.1 PSA responses to nutrients, and salinity 
Figure 3.1a shows PSA responses for both genotypes in all treatments. Within the 0 
mM control and 80 mM treatment, shoot biomass was strongly and linearly 
correlated with PSA for both fresh (R2= 0.94) and dry shoot weights (R2= 0.90) 
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indicating it was a useful indication of shoot biomass within salt treatments. The 
slope of these relationships differed between the two salt treatments (Figure S3.1), 
due to a reduction in leaf area when salt was added.  
The genotypes differed in the magnitude that they responded to nutrient-addition 
(PG:N < 0.001). Both genotypes responded positively to N-addition (Bd21: 27% 
increase, Bd3-1: 35% increase) but only Bd21 responded to P-addition (Bd21: 8% 
increase, Bd3-1: 1% decrease), compared to the -N-P nutrient control.  
Salt stress reduced PSA recorded on the date of the final harvest, with an 82% 
decrease for Bd21 and a 37% decrease for Bd3-1 averaged across all nutrient 
treatments (PG:S = 0.005). The salt-induced reduction in PSA also differed among the 
nutrient-addition treatments, with PSA reduced by 75% in the N-addition treatment, 
by 37% in the P-addition treatment and by 66% in the –N-P treatment, averaged 
across both genotypes on the date of the final harvest (PS:N < 0.001).  
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Figure 3. 1. A. Projected shoot area of Bd21 (top panels) and Bd3-1 (bottom panels) 
plotted against days after planting grown under 80mM NaCl (red) or 0mM NaCl 
(blue) in the absence (dotted lines) and presence (solid lines) of AM fungi under -
N+P (left) and -N-P (middle) and +N-P (right). Vertical dashed line represents the 
day salt or a water control was applied to the pots. Shaded areas around lines are 
estimated 95 % confidence intervals. B. Box-and-whisker-plots of mycorrhizal 
growth response (MGR) of Bd21 (white) and Bd3-1 (grey). The dashed horizontal 
line represents a MGR of 0. Points above and below box-and-whiskers represent data 
points outside 1.5× the interquartile-range 
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3.5.2 MGRs in response to salinity is influenced by genotype and nutrient levels 
While the effects of adding AM fungi on PSA differed in a way that was dependent 
(in both direction and magnitude) on the combination of genotype and nutrient 
addition (PG:N > 0.001; Figure 1B), the presence of salt resulted in MGRs that were 
less negative (i.e., increases in MGRs) than in the absence of salt under -N-P and -
N+P, but resulted in a slight decrease in MGRs under +N-P (PN:S > 0.001). Under 
both saline and control treatments, Bd3-1 exhibited the most positive MGRs when 
grown under N-addition and strong negative MGRs in the –N-P and –N+P treatments. 
Bd21 was generally negatively responsive to AM fungi, but with a response that 
bordered on positive following salt addition in the –N-P treatment. 
 
 
 
3.5.3 Hue angle is determined by combinations of genotype, AM fungi, salinity and 
nutrient level 
Hue angle responses are shown in Figure 3.2. In Bd21, N addition in the absence of 
AM fungi and salinity resulted in increased HA, particularly at later time points, 
compared to treatments without N addition. In the absence of N addition, HA began 
to decrease at day 41. In the absence of AM fungi, salinity caused minimal changes 
to HA. In the presence of AM fungi without salinity, HA was reduced across all 
nutrient treatments. When salinity was added in the presence of AM fungi, further 
reductions in HA were observed in all nutrient treatments, with the largest reduction 
occurring in the presence of added N, which was most reduced at day 35 then began 
to recover (Figure 3.2). 
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In Bd3-1, N addition in the absence of AM fungi and salinity increased HA in a 
qualitatively similar way as for Bd21. HA began to decrease at day 31 without N 
addition, earlier than for Bd21. In the absence of AM fungi, salt addition increased 
HA with added N at later time-points, did not change HA under –N-P, and caused a 
more rapid reduction in HA under –N+P. The presence of AM fungi without salinity 
resulted in reduced HA in all nutrient treatments. With the addition of salt, the 
presence of AM fungi resulted in a slightly more rapid decrease in HA under –N-P, 
and a more rapid decrease under –N+P. However, the largest difference for Bd3-1, 
compared to Bd21, was when N was added in the presence of AM fungi and salinity, 
which triggered an increase in HA compared with the absence of salt (Figure 3.2). 
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Figure 3.2. Hue Angle plotted against days after planting. Bd21 (top panels) and 
Bd3-1 (bottom panels) grown under low-P (left) and low-NP (middle) and low-N 
(right), in the presence of AM fungi (solid lines) or absence (dotted lines) and under 
salt (blue) or without salt (red). Shaded areas around lines are estimated 95 % 
confidence intervals. 
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3.5.4 Trends in proportional senescence 
In general, the proportion of the leaf that senesced increased as the experiment 
progressed, with greater rates of senescence observed in the absence of N but also 
depending on genotype, salinity, and AM treatment (Figure 3.3). In Bd21, when salt 
was added in the absence of AM fungi, senescence decreased in all nutrient 
treatments compared to the plants grown in the absence of salt. The presence of AM 
fungi in the absence of salinity resulted in increased senescence in all nutrient 
treatments. When salinity was added along with AM fungi in the absence of added N, 
senescence also decreased. However, with added N, senescence for Bd21 increased 
until day 41 in the presence of AM fungi and salt stress, reaching a higher level than 
in the other treatments, but then decreased to similar levels as plants without salinity 
except for those experiencing salt stress in the absence of AM fungi. 
The proportion of the leaf that scenesced was generally higher in Bd3-1 than for 
Bd21, except for some treatments under added N. Salt stress in the absence of AM 
fungi did not result in changes in senescence under –N+P, and decreased senescence 
slightly under –N-P and +N-P. The presence of AM fungi increased senescence for 
Bd3-1 under most treatments, but the magnitude depended on the combination of the 
salt and nutrient treatments. Salt stress increased the effect of AM fungi on 
senescence under –N+P but resulted in a lesser (-N-P) and no (+N-P) effect of AM 
fungi on senescence in the other nutrient treatments (Figure 3.3).  
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Figure 3.3. Proportional senescence plotted against days after planting. Bd21 (top 
panels) and Bd3-1 (bottom panels) grown under low-P (left) and low-NP (middle) 
and low-N (right), in the presence of AM fungi (solid lines) or absence (dotted lines) 
and under salt (blue) or without salt (red). Shaded areas around lines are estimated 
95 % confidence intervals. 
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3.5.5 Examining growth and senescence responses in relation to functional traits 
I examined the relationship of the senescence phenotypes with growth, HA, RMF, C, 
N and P concentration of Bd21 and Bd3-1 by conducted PCAs using these traits and 
plotting the genotypes separately (Figure 3.4 a and d). PC1 described 49 % of 
variation. This axis was associated with the effect of N addition on C assimilation 
related traits: HA, senescence, C concentration, and SAMR but not growth. 
Senescence was associated with negative values along with SAMR and RMF, while 
HA and shoot N and C concentrations were associated with positive values. PC2 
described 26% of variation. This axis was associated with variation in plant growth. 
PSA on the day of harvest, AGRmax , and RMF was associated with positive values 
while shoot P and N concentration was associated with negative values.  
In Bd21, in the absence of salt, the presence of AM fungi resulted in a negative shift 
in PC1 values only in the absence of added N or added P, indicating that when N and 
P were deficient, then AM fungi exacerbated senescence and reduced HA and C 
concentrations in plants. When N or P was added, AM fungi did not induce a change 
in PC1 values. However, across all nutrient conditions, AM fungi induced a negative 
shift in PC2 values, indicating growth reduction and increases in P concentration. 
When salt was added, in the absence of AM fungi, traits shifted higher on the PC1 
axis and lower on the PC2 axis, indicating plants were smaller with greater 
concentrations of C, N and P, with less senescence. In the presence of AM fungi and 
salt, a negative shift in PC1 and PC2 values were observed relative to the absence of 
AM fungi across all nutrient conditions. This indicated that in the presence of salt, 
AM fungi were exacerbating senescence and reducing HA, N, and C concentrations 
and leading to a smaller plant. 
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Across all treatments Bd3-1 had more negative PC1 and more positive PC2 values 
compared to Bd21. This indicated that Bd3-1 tended to be a larger plant with smaller 
concentrations of C, N and P and greater rates of senescence compared to Bd21. In 
Bd3-1, in the absence of salt, AM fungi resulted in reduced PC1 values across all 
nutrient conditions, whereas PC2 values were reduced except when N was added. 
This indicated that AM fungi exacerbated senescence and reduced HA and C 
concentrations, but growth was affected only when N was deficient. When salt was 
added, AM fungi resulted in reduced PC1 values only when N was deficient, while 
PC2 values were reduced across all conditions.  
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Figure 3.4 Principle component analysis of all treatment combinations used in this 
study ordinated with functional plant traits to evaluate plant N response and traits 
associated with C, N and P content and scavenging in Bd21 (panels A, B and C) and 
Bd3-1 (panels E, F, and G). These include projected shoot area (PSA), proportional 
senescence (Scen), greenness as represented by hue angle (HA), nitrogen-hue angle 
ratio (NHR), root mass fraction (RMF), shoot area mass ratio (SAMR), % nitrogen 
(N), and % phosphorus (P). Mycorrhizal treatments are represented by filled (AM+) 
and unfilled (AM-) shapes. Nutrient treatments are represented by the shapes: -N+P 
(squares), -N-P (triangles) , and +N-P (circles). Horizontal and vertical error bars 
represent 95% confidence intervals. 
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3.6 Discussion 
Our results suggest that under saline conditions AM fungi can exacerbate N 
deficiency induced by salt in B. distachyon, supporting our initial hypothesis. Greater 
N supply rates, however, were able to mitigate N deficiency symptoms in the plants. 
Contrary to our hypothesis that AM fungi would alleviate growth depressions in 
B.distachyon induced by salt under low P, we did not find any such beneficial effects. 
However, plant genotype was found to have a major effect on the effects of AM 
fungi under salt, whereby the more acquisitive growth strategy expierenced a more 
severe N limitation phenotype under salt stress in the presence of AM fungi 
compared to the conservative genotype. These results reveal that AM fungal 
competition for N under saline conditions may be a major factor driving plant 
phenotypes but genotype-specific growth strategies may mitigate these negative 
effects. 
 
3.6.1 Plant traits reveal salinity exacerbates N competition between plants and AM 
fungi 
Several studies have reported that saline soil can reduce a plants access to N. For the 
first time, we report that AM fungi may exacerbate N deficiency under these 
conditions. This was indicated by shifts in functional traits indicated a pattern of 
whole plant adjustment to decreasing N availability when AM fungi were present 
under saline conditions when N availability was low, marked by decreasing N 
content within the plant was resulting in less chlorophyll production and increased 
rates of senescence likely in older leaves (Munné-Bosch and Alegre, 2004), and a 
reallocation of resources towards root growth and less shoot growth (Neilson et al., 
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2015). These observations are consistent with the notion that AM fungi require 
substantial amounts of N for their growth (Hodge and Fitter, 2010) and may be in 
competition with the plants for N (Johnson et al., 2015). The compounded effect that 
salinity has on plant-AM fungal N competition may be explained by the negative 
effect that NaCl has on N uptake and re-mobilization within plants due to the 
competitive interaction of Cl- ions with NO3
- transport, and negative effect of 
decreased osmotic pressure in the soil solution on ion transport (Hu and 
Schmidhalter, 2005). Contrary to previous reports that AM fungi can alleviate the 
negatibe effects of salinity on plant growth and physiology, we did not find any such 
evidence. My study was done under specific growth conditions, including sandy, 
homogenous soils that were very low in organic matter. Experiments analyzing the 
effects of AM fungi on N transport in plants have found that N transfer to plants may 
be dependent on an organic N source (Hodge and Fitter, 2010), or soil compartments, 
such as aggregates, containing N that the only AM fungi may access. 
The biomass reductions in response to salt treatments were likely the result of 
decreased C assimilation in response to water stress induced by salinity, which 
causes stomatal closure as well as reduced leaf surface area to limit transpiration 
(Munns, 2002). These changes likely explain the weaker relationship between PSA 
and shoot biomass of plants when exposed to salt. Increases in SAMR may have 
been the result of an attempt by the plant to optimize shoot surface area over biomass 
production in the face of decreased C assimilation capacity due to changes in 
chlorophyll content.  
 
  76 
 
3.6.2 Plant growth strategies may explain genotype-dependent responses to salt 
stress 
 The differences in HA and senescence responses to salinity and AM fungi may be 
attributed to the different growth strategies of the genotypes. Previously I showed 
that Bd21 and Bd3-1 could be classified as relatively more conservative and 
acquisitive growth strategists, respectively (Thesis Chapter 2); Bd3-1 grew faster, 
was ultimately larger, and had a larger root growth response to decreasing N 
availability, compared to Bd21. In this study, these genotypic differences in growth 
were associated with differences in N allocation underlying the different shoot 
greenness and senescence phenotypes when faced with reduced N availability from 
salt stress, low soil N, or AM fungal competition for N.  
In response to salt, in the absence of AM fungi, I found that plants were smaller with 
less leaf surface area, with elevated shoot N concentration, and greater HA levels. 
Growth and leaf surface area reductions made more N available for chlorophyll 
production, resulting in greater HA levels. However, the observed larger HA 
reductions and senescence increases in Bd3-1 under -N-P and -N+P compared to 
Bd21 can be explained by the smaller stature of Bd21, which enabled it to maintain a 
greater N concentration compared to Bd3-1. Previously, under water stress, plant 
species with acquisitive strategies were found to have increased rates of senescence 
compared to plants with conservative strategies (Pérez-Ramos et al., 2013). When N 
was low, I observed that competition with AM fungi under salt stress had a greater 
effect on senescence for the acquisitive strategist, Bd3-1, compared to the 
conservative strategist, Bd21. I suggest that Bd3-1 allocated N away from 
chlorophyll production in support of growth, resulting in increased rates of 
senescence, while Bd21 grew less and accumulated greater N concentrations and, 
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therefore, maintained greener leaves. Bd3-1, being an acquisitive strategist with a 
greater demand for N, may have had more efficient N acquisition mechanism in 
place to deal with reduced N availability compared to Bd21. Therefore, in the 
combined presence of salinity and AM fungi, Bd21 was not able to compete with 
AM fungi in taking up sufficient amounts of N to maintain its HA as well as Bd3-1 
was able.  
 
3.6.3 A focus on plant traits is more informative than plant growth 
When assessing mycorrhizal responses in the presence or absence of stresses, a focus 
on biomass alone may be misleading since growth may be more or less coupled to 
plant resource acquisition in a genotype dependent manner. Moreover, growth may 
not be a good indicator of fitness or yield, which may depend on traits such as 
greenness because seed production depends on re-mobilization of N from 
chlorophyll. Reflecting this notion, plant breeders have been focusing on ‘stay-green’ 
phenotypes of plants. This refers to plants that retain chlorophyll within leaves for a 
longer duration under stress or throughout the growing season. As a result, greater 
rates of photosynthesis are maintained for longer together with greater amounts of N 
are retained for reallocation towards seed production (Borrell et al. 2001). 
Increasing the likelihood of positive plant phenotype outcomes during mycorrhizal 
interactions under salt stress will require approaches that focus on both fungal and 
plant physiology. The genotypic differences I observed between Bd21 and Bd3-1 
suggests mycorrhizal responses may be amenable to plant genetic changes. Although 
Bd3-1 grew larger than Bd21, it was more prone to increased senescence under low 
N conditions. However, under added N, Bd3-1 was better able to maintain green 
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leaves in the presence of AM fungi than Bd21. These observations suggest that Bd21 
and Bd3-1 may be better suited for different soil resource conditions in the presence 
of AM fungi. Identifying the genetic determinants of these traits could be used to 
generate superior plant genotypes across a broader range of soil resource conditions, 
in the presence and absence of salinity and other stressors. Moreover, testing these 
findings across a broader range of genotypes and plant species would help identify if 
our findings are generalizable across plants. 
3.6.4 Conclusion 
Using a novel approach using functional traits derived from whole-shoot imaging 
data of the cereal model B. distachyon, my results reveal, for the first time, the link 
between AM fungal requirement for N and genotype-specific trait responses under 
salt stress. The different resource allocation strategies of B. distachyon genotypes 
were an important determinant to altering N availability which most notably affected 
their senescence phenotypes. This result provides evidence of an important 
mechanism that is possibly playing a role in determining plant phenotypic outcomes 
in saline agro-ecosystems world-wide: salt stress can exacerbate competition 
between AM fungi and plants for N but that genotype-specific resource allocation 
strategies may be a mediating factor in this interaction. Knowledge of this 
mechanism may be used to increase the likelihood of ensuring positive cereal 
production outcomes under saline growth condition. 
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Chapter 4: Co-occurrence networks reveal the multi-functional 
potential of AM communities in wheat agroecosystems 
4.1 Abstract 
The diversity of Arbuscular Mycorrhizal (AM) fungi have generally been reported to 
have positive effects on plant productivity. While experimental manipulations of AM 
fungal communities have provided evidence for functional complementarity and 
niche partitioning between fungal taxa leading to these positive effects, but few 
studies have demonstrated these multi-functional relationships. Recently co-
occurrence networks have emerged as a tool to study modularity patterns, which 
suggest that groups of microbes co-occur often within soil communities. These 
patterns can lead to inferences about the functional differences between microbial 
community members that may be driving these modularity patterns. Here I survey 
AM fungal communities using AM fungal targeted internal transcribed spacer (ITS) 
amplicon sequencing (MiSeq) within two wheat agro-ecosystems with heterogeneous 
soil conditions in pH and salinity and combine these measurements with estimates of 
soil extracellular enzymes involved in C/N/P cycling, plant ionome analysis, and 
grain yield measurements. Correlation networks showed that these AM communities 
were significantly modular indicating that subsets of AM fungi (modules) co-occur 
together and independently from others. We were then able to identify several 
significant and independent relationships between many of these modules and plant 
and soil microbial traits that provided evidence for significant multi-functionality 
existing within AM fungal communities. Moreover, our network analysis was able to 
identify modules of the AM community that may be drivers of grain yield in these 
saline agroecosystems.  
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4.2 Introduction 
Arbuscular mycorrhizal (AM) fungi form a nutritional symbiosis with over 70% of 
land plant species, including all cereal crops (Sawers et al., 2008; Smith and Read, 
2008), and have been associated with promoting plant productivity under sub-
optimal plant growth conditions (Lenoir et al., 2016). The role of AM fungi in 
enhancing plant growth under saline conditions has received a large amount of this 
research attention (Evelin et al., 2009; Negrão et al., 2017; Porcel et al., 2012). 
Worldwide, combinations of drought, heat and unsustainable land management 
practices are causing crop lands affected by salt to grow at an estimated rate of 2 
million hectares per year (Abbas et al., 2013). Moreover, with increasing severity of 
heat and drought due to climate change, more agriculture may be forced to use salt 
affected land (Ashraf and Akram, 2009). High soil salinity can negatively affect 
plant water uptake, carbon (C) gain, nutrient uptake and translocation within the 
plant, which poses a challenge for many crops that are unable to cope with these 
physiological stresses. The presence of AM fungi within plant roots has been shown 
to ameliorate these negative effects (Augé, 2001; Evelin et al., 2009; Porcel et al., 
2012; Negrão et al., 2017). However, the vast majority of these studies have focused 
on identifying and experimenting with single strains of AM fungi, while in nature a 
single plant is usually colonised by several AM fungal species simultaneously 
(Maherali and Klironomos, 2007). The effect of the AM community on plant 
function is likely determined by the functional diversity of the taxa within the 
communities because this diversity will determine how individual taxa are selected 
by environmental stresses such as salinity (i.e. habitat filtering), whether coexistence 
rather than competitive exclusion will occur when taxa encounter one-another (i.e. 
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niche differentiation), and which functional traits are manifested by the AM 
community that ultimately will exert their influence on various ecosystem functions 
including plant growth and productivity.  
Surveys across AM taxa have revealed evidence for functional diversification within 
AM communities and that this diversity could play an important role in determining 
the outcome of AM community composition. AM fungal taxa can have different 
rates of proliferation within soil and root environments (Hart and Reader, 2002), they 
can also vary in their abilities to take up and transfer Nitrogen (Hawkins et al., 2000). 
Differentiation in traits may also determine if AM fungi are complementary for a 
function or may be in competition. For example, Maherali and Klironomos (2007) 
found that inoculating plants with several taxa from the same family led to lower 
realised AM taxonomic diversity compared to when inoculating with several taxa 
from three different families. Wagg and colleagues (2011a, 2011b) found that 
inoculation with multiple AM species had negative effects on root colonisation by 
each species compared with inoculation with one isolate alone, suggesting the 
presence of competition between AM taxa. Environmental stresses, such as salinity, 
have been found to select for specific taxa of AM fungi (Yamato et al., 2008). In 
general, few studies have addressed the role of AM fungal diversity on plant 
productivity and have generally found a positive association, but not always (Powell 
and Rillig, 2018).  
 
The long-term persistiance of the AM fungi with plants likely depends on the ability 
of AM fungi to maintain plant productivity, since the fungi obtain their sole C source 
from the plant (Kiers and van der Heijden, 2006). Therefore AM fungi are likely 
selected for traits that promote plant productivity. Evedence for this comes from 
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findings that plants may be able to select for the most beneficial AM fungi by 
preferentially transferring C to the fungus which provides more P or N to the plant 
(Fellbaum et al., 2012; Hammer et al., 2011; Kiers et al., 2011; Zheng et al., 2015). 
For example, AM fungi originating from low N or P environments have been found 
to better promote plant uptake of the most limiting nutrient, suggesting evolutionary 
pressures may have led to functional specialization within these communities 
(Johnson et al., 2015). However, Zheng et al., (2015) found that shading caused the 
preferential allocation of C to the most beneficial fungus to diminish leading to the 
suggestion that the abundance of beneficial fungi may increase with the amount of 
above ground resources (Zheng et al., 2015). Importantly, as environmental contexts 
may be heterogeneous over space and time, C produced by the plant and therefore C 
availability to the fungas may be limited by the uptake of one or multiple elements 
such as N (Govindarajulu et al., 2005), phosphorus (P)(Hammer et al., 2011), 
potassium (K) (Garcia and Zimmermann, 2014), Sulfur (S)(Allen and Shachar-Hill, 
2009), Zinc (Zn) (Lehmann et al., 2014) and manganese (Mn) (Lehmann and Rillig, 
2015). Therefore environmental heterogeneity, such as the level of salinity in soils, 
may impact plant C production as well as mechanisms of C allocation to AM fungal 
taxa which may determine which subsets of the AM community proliferate. Under 
these heterogenous environmental scenarios, the presistance of AM fungal 
individuals may be determined by their ability to exert influence on ecosystem 
functions that promote plant C production. 
 
Under saline conditions the multifunctional diversity of AM communities could 
determine plant productivity and C availability, in multiple ways, potentially 
affecting C transfer below ground. Variation in plant traits such as K:Na and Ca:Na 
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ratios under saline conditions have been shown to be primary determinants of plant C 
acquisition, growth and grain yield (Parida and Das, 2005), and can be mediated by 
AM fungi (Porcel et al., 2012). Variation in the associated microbial communities 
may also be a determinant of plant C production through their mineralisation of N 
and P (Manzoni et al., 2010). AM fungi may interact with other soil microbes and 
mediate nutrition transfer towards the plant. For example, AM fungi have been found 
to accelerate decomposition and acquire N directly from organic matter (Hodge et al., 
2001), and interact with phosphate solubalising bacteria whereby under specific P 
supply conditions, the bacteria and AM fungi provided C or P that the other organism 
required (Zhang et al., 2016). These various functions provided by different taxa may 
act synergistically within a saline agroecosystem, howerver the observation of such 
synergistic action has remained a challenge. 
 
Attempts to identify relationships between AM communities and ecosystem 
functions such as plant productivity in the field have relied on attempting to associate 
overall AM fungal community shifts with ecosystem functions or focusing on the 
role of single taxonomic groups (Powell and Rillig, 2018). These methods usually 
relied on large reductions in the dimensionality of taxonomic datasets. Recently, 
microbial co-occurrence networks present an opportunity to leverage the high 
dimensionality of microbial sequencing data sets by allowing for the exploration of 
positive and negative interactions among community members (e.g. facultative, 
antagonistic, and commensal interactions) to determine which members may be 
sharing niches within an environment (Faust and Raes, 2012). This has allowed for 
the study of microbial consortia – multiple interacting bacterial and fungal 
populations - on various ecosystem processes (Bissett et al., 2013; Delgado-
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Baquerizo et al., 2018; Menezes et al., 2015; Shi et al., 2016). This analysis can be 
carried out by the detection of distinct clusters of taxa, called modules, members of 
which tend to co-occur more often than with other taxa. These co-occurrence patterns 
are likely driven by some niche - related process such as resource-use partitioning, 
ecological niche overlap, and phylogenetic trait conservatism (Bissett et al., 2013) 
and associations between taxa present within specific modules and variables (e.g. 
plant traits, soil characteristics) may shed light on the multi-functional attributes of 
microbial communities. For example, identification of modules in bacteria and fungi 
have led to the association of specific taxa with different soil variables (Menezes et 
al., 2015) as well as latitude (Delgado-Baquerizo et al., 2018), indicating functional 
differences between taxa present in different modules. 
 
 I postulated a similar approach may be used to identify modules of AM fungal taxa 
that co-occur, suggesting a functional similarity within each group, and test whether 
operational taxonomic unit (OTU) diversity within these modules may be associated 
with better plant performance in saline agroecosystems. I built co-occurrence 
networks of AM taxa across two wheat agro-ecosystems where a gradient of soil 
salinity existed. Within the fields I determined whether AM taxa formed distinct 
modules and whether these modules were significantly associated with soil 
properties and plant traits either directly or indirectly affecting wheat growth and 
grain yields. I also looked for associations between AM modules and extracellular 
enzymes produced by the greater microbial community in the soil that are involved 
in C, N and P cycling since these activities may influence AM fungal as well as plant 
nutrition. First, I hypothesised that AM fungal communities would be significantly 
modular because of deterministic processes such as niche partitioning and habitat 
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filtering operating in the community across the fields, indicating multifunctionality. I 
then tested the hypothesis that, if multifunctionality existed within AM communities, 
then the diversity of AM taxa within the each module would be significantly 
associated with different plant and soil enzymatic functions. I then focused on the 
association between the diversity of AM taxa within each modules and grain yield, a 
proxy for plant C assimilation (Long et al., 2006), across the four fields. I 
hypothesised that positive associations between taxonomic diversity within AM 
modules and grain yield, or traits potentially supporting grain yield, would occur 
since AM fungal communities would benefit from a better performing wheat plant. 
4.3 Methods 
4.3.1 Study Site 
Study sites were located at Coomondook (S 35° 27' 4.754''E 139° 44' 6.762'') and 
Whitwarta (34° 6'23.21"S   138°19'27.40"E), South Australia that were two 
agricultural paddocks located approximately 200km apart. Both sites experienced 
low and high salinity levels across each paddock. The Coomandook site consisted of 
a sandy soil and the Whitwarta site was a red clay soil. At each study site, paddocks 
were first mapped using an electromagnetic induction instrument (EM38, Geonics 
LTD., Ontario, Canada) to determine electrical conductivity (EC) in the root zone 
and identify variation in salinity across each site. Based on these maps, sites were 
divided into high and low sites based on salinity readings. I referred to these four 
sites as Coomandook low salt (CLS), Coomandook high salt (CHS), Whitwarta low 
salt (WLS), and Whitwarta high salt (WHS). In 2015, within each site, several wheat 
varieties were planted in the Austral spring and grown in 5 replicate plots in a 
randomized complete block design at a high and low salinity values. Plots were 
1.32m X 7m and consisted of six rows of plants, planted approximately 4 cm apart 
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(length and width of each plot). For my assessment of AM fungal community 
composition, I chose to sample 6 wheat varieties of varying salt tolerance (Axe, 
Tamaroi, Tammarin Rock, Westonia, Scout, Mace). One of the wheat varieties, 
Tamaroi, being a durum wheat while others were bread wheats, was removed to 
reduce variance into the dataset due to plant physiological differences. In October 
2015, when ears had emerged, corresponding to Z55,within each plot, I sampled five 
to ten 10- cm deep soil cores depending on plot establishment to obtain enough root 
material which. Within each plot, cores were taken 5cm away from plants in W 
shape within a subsection of each plot with boarders including the inner 25 cm of 
plot ends and the inner three rows of plants (Figure 4.1).  
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Figure 4.1. Conceptual diagram of plot sampling. Black lines represent rows of 
plants and the red lines represent the sampling pattern followed for 5 to 10 samples, 
depending on plant establishment, and distributed randomly across this pattern. 
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The cores from each plot were placed in large zip-lock bags, mixed and placed in a 
Rubbermaid box. Upon completion of one day’s worth of sampling, samples were 
then transported back to the lab and placed in 4°C fridge until sub sampling was 
performed. Soil cores from each of the four sites took place over four days of the 
same week, and sub sampling commenced the week after where each field was sub 
sampled for roots and soil in the same order of sampling to ensure that samples spent 
the same number of days at 4°C. Each composite sample was processed 
independently as follows: 5 g of fresh soil was collected, and a 2 mL tube was filled 
with fresh medium to fine root fragments for root DNA extraction. At the end of 
each processing day the fresh soil and root samples were placed at -80°C. At the end 
of the week, samples were transported on dry ice back to Sydney, NSW where they 
were placed at -20°C until DNA extraction. 
 
4.3.2 DNA extraction and Sequencing 
DNA from soil and wheat roots were extracted with the MoBio Powersoil kit 
(Qiagen, Germany), following manufacturer’s instructions, except for an additional 
step carried out at the very beginning of each root DNA extraction. In this step, a 2 
mm tungsten bead was placed in the 2 mL tube containing between 5 to 12 mg of 
wheat roots followed by running the tube on a tissue lyser (Qiagen, Germany) until 
roots were sufficiently ground, which took 30-45s. Following this additional step, 
each remaining step in the Powersoil kit’s instruction manual was followed. DNA 
quantification and purity was verified using a NanoDrop 2000/2000c 
Spectrophotometer (Thermo Scientific, Wilmington, USA).  
To selectively amplify the ITS2 region from AM fungi in the soil and root samples, I 
first carried out a nested PCR procedure that used two rounds of PCR to amplify the 
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surrounding region and provides coverage of all AM fungal families (Krüger et al., 
2009). Due to the possibility of PCR biases affecting relative abundance estimates, 
subsequent downstream community analysis was based on presence-absence of AM 
fungal OTUs. Each round of PCR was performed using 0.4μL of 10 μM primers in 
10 μL reaction volumes using KAPA mix (KAPA Biosystems, Wilmington, USA). 
Primers used in the first round were LSU_Ar and SSU_Af and the second round 
were LSU_Br and SSU_Cf. Thermocycling conditions for this first step were as 
follows: 95°C for 3 min, 30 cycles of 98°C for 20 s, 60°C for 30 s and 72°C for 50 s, 
followed by 72°C for 2 min. For the second round, PCR product form the first round 
was diluted 1 in 50 and 1μL of this diluted product were used. Second round cycling 
conditions were: 95°C for 3 min, 30 cycles of 98°C for 20 s, 60°C for 30 s and 72°C 
for 50 s, followed by 72°C for 2 min.  
The PCR products were purified using Agencourt AMPure XP system (Beckman 
Coulter, Lane Cove, NSW, Australia) and diluted with PCR‐grade water to 5 ng/μL 
in 20μL. The ITS2 region was sequenced by Illumina MiSeq at the Ramaciotti 
Centre for Genomics (NSW, Australia), using fITS7 (5′-
GTGARTCATCGAATCTTTG-3′; Ihrmark et al., 2012) and ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′; White, Bruns, Lee, & Taylor, 1990), and 
genomic libraries were prepared using the Nextera XT Index Kit (Illumina, San 
Diego, CA, USA). Paired‐end (2 × 251 bases) sequencing was performed on the 
Illumina MiSeq platform. 
 
4.3.3 DNA Sequence processing and OTU delineation 
Processing of DNA sequencing data followed a similar approach to Bisset et al (2016) 
but with few modifications. OTU richness per sampling effort was carried out by 
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plotting rarefaction curves for each sample using the function ‘rarecurveu’ in the R 
package vegan version 2.4-1 (; Oksanen et al., 2013). Putative taxonomic identities 
were assigned to OTUs by querying representative sequences of each OTU using 
BLAST against a local database of fungal ITS sequences and taxonomic annotations 
obtained from UNITE (version 7.0; Abarenkov et al., 2010) and all Glomeromycota 
ITS sequences obtained from the NCBI nucleotide database (obtained 31 October 
2017). Contigs were generated from paired end reads using the ‘make.contigs’ 
command in mothur (version 1.36.1; Schloss et al., 2009). DNA sequences 
containing ambiguous bases and/or homopolymers greater than 8 bases in length 
were removed. OTUs were picked at 97% sequence similarity using sequences 
observed at least four times using the ‘-cluster_otus’ command in USEARCH 
(version v8.1.1803; Edgar, 2010). Quality filtered reads were mapped against 
representative sequences of these OTUs at a 97% sequence similarity threshold using 
the ‘-usearch_global’ command in VSEARCH (version v2.3.4; Rognes et al., 2016). 
A second round of de novo OTU picking was carried out on non-mapped sequences 
as above, but only using sequences observed at least two times. These sequences 
were then mapped against the newly picked OTUs as above. Non-mapped sequences 
at this stage were discarded since they represented singleton OTUs.  
 
4.3.4 Flag leaf processing, elemental trait determination, soil pH, EC and 
extracellular enzyme measurments 
Flag leaves were collected on the date of sampling and oven dried at 70°C for 48 h 
then ground into a fine powder using a ball mill (Qiagen, Germany). P concentration 
was determined using an X-Ray Fluorometer (PANalytical Epsilon 3x, Netherlands) 
as previously described (Reidinger et al., 2012), while N and C content was 
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determined by flash combustion (Flash EA 1112 Series CHN analyser, Thermo-
Finnigan, Waltham, MA, USA). Na concentrations were determined using a flame 
photometer (Maker, city, Country). 
pH and EC mesurments were conducted on every soil core in duplicate. In both 
instances, calibration solutions were first used to calibrate the meters, followed by 
measurments making sure the reading was stable before recording a value. 
β-D-cellulosidase (CB), β-Xylosidase (XYL), α-Glucosidase (AG),  N-acetyl-β-
Glucosaminidase (NAG), L-Leucine-7-amino-4-methylcoumarin hydrochloride 
(LAP) and phosphotase (PHOS) activities were measured using  the high-throughput 
96-well microplate fluorometric method as described by Bell et al. (2013). The actity 
ratios of N:P, C:P and C:N processes was determined by summing the cumulative 
activity of enzymes involved in capturing each respective element from the 
environment and determining the resulting ratio of each set of functions (i.e N:P, C:P 
and C:N  the ratio of that . Briefly, 4-methylumbelliferone (MUB) or 7-amino-4-
methylcoumarin (MUC) fluorescent mioties and a substrate for each enzyme were 
added to 2g soil samples and incubated in the dark at 25 oC for 3h, after which 
fluorescence measurements were taken using a plate reader (EnSpire 2300 Multilabel 
Reader, Perkin Elmer, Waltham, MA, USA) with 365-nm excitation and 460-nm 
emission filters. Assays for each soil sample were carried out in duplicate and 
activities averaged. The activities were expressed as nmol h−1 g−1dry soil. 
Grain yield per plot was assessed at harvest that occurred at Z60 (Zodoks growth 
scale) corresponding to the beginning of anthesis. Yield was used in place of biomass 
measurements as the latter were not available and previous work suggests that yield 
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is correlated with carbon assimilation (Long et al., 2006), making this a useful 
functional proxy to relate to AM fungal modules. 
 
4.3.5 Network and statistical analysis 
R statistical interface (v3.3.2) was used for all statistical tests (R Core Team, 2017). 
Site differences in plant traits, microbial enzymes and AM OTU presence/absence 
was determined using the ‘rda’ function in the ‘vegan’ package (v 2.4.1; Oksanen et 
al., 2013) using site as a constraint to partition out variation explained by site. Model 
significance was tested using the ‘anova’ function. For the co-occurrence networks, 
Spearman rank correlations were used to determine pairwise correlations with a 
cutoff R of 0.5 and P value of 0.01. Undirected graphs were constructed using the 
function ‘graph_from_data_frame’ in the package igraph (Csardi and Nepusz, 2006). 
Module detection was performed using the function ‘cluster_edge_betweenness,’ 
which detects modules using the edge path length between nodes in the network 
(Newman and Girvan, 2004). Number of links, number of nodes, and link density 
was determined using the function ‘test.graph.properties,’ and modularity scores 
were determined using the function ‘modularity.’ OTUs within modules are densely 
connected to themselves but sparsely connected to other modules. Using the same 
network construction procedure as above, I constructed correlation networks 
including counts of OTUs belonging to these putative functional groups, soil EC, soil 
pH, plant elemental concentrations and ratios and microbial extracellular enzymes to 
determine of modules of AM taxa were responding independently to multiple 
variables linked to plant traits and microbial enzymatic potential in the wheat fields. 
Modules that had representative taxa present in at least 8 plots were included in the 
analysis. Each significant association between AM modules, extracellular enzymes, 
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or plant traits was first visually inspected by plotting the AM OTU counts of each 
module against the variable before including it in the final network. I only retained 
module-trait associations that had convincing positive or negative associations 
(Figures S 4.1 and S 4.2). 
 
4.4 Results 
4.4.1 Abiotic Field Characteristics 
Coomandook soils had a larger range in EC compared to the Whitwarta soils with no 
overlap in EC at the high salt site compared to the low salt site (Table 4.1). The 
pattern of pH in relation to the EC across the low and high salt fields within 
Coomandook and Whitwarta followed inverse patterns when comparing each site. At 
the Coomandook site, the pH was higher in the high salt field that had an average pH 
of 6.9, compared to the low salt field that had an average pH of 5.9, while the 
Whitwarta had a higher pH at the low salt field that had an average pH of 8.9, 
compared to the high salt field that had an average pH of 8.0 (Table 4.1) 
  94 
 
  
Table 4.1. Range of EC and pH in the four fields. EC units are denoted in μS/cm. 
4.4.2 Plant traits, extracellular enzyme activity, and AM community 
composition patterns are explained by each field 
Plant traits, extracellular enzymes and AM fungal OTUs independently using RDA 
analysis using site (i.e. CHS, CLS, WHS, and WLS) as a constraint. I found that site 
was a significant explanatory factor of variation across each of these ecosystem 
components (P <0.001). Site accounted for 43% of variation of the plant variables 
(Figure 4.2a), 20% of variation of extracellular enzymes (Figure 4.2b), and 8% of 
variation of the AM OTUs in the root environment (Figure 4.3 a,b) and 7% of 
variation of the AM OTUs in the soil environment (Figure 4.3 c,d). To account for 
this variation in my subsequent analysis, I chose to analyse AM OTU co-occurrence 
networks and the modular associations with plant traits and extracellular enzymes 
independently in each field.  
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Figure 4.2. Plant variables (A) and bacterial variables (B) are significantly explained 
by Fields. Fields are donated by colour; Coomandook high salt (CHS, red), 
Coomandook low salt (CLS, green), Whitwarta high salt (WHS, turquoise), 
Whitwarta low salt (WLS, purple). Only the first two axis which explain a significant 
proportion of variation are plotted. The percentage of variation explained are stated 
in the axis labels. Plant elemental traits include calcium (Ca), calcium to sodium ratio 
(Ca:Na), potassium to sodium ratio (K.Na), carbon (C), silicon (Si), phosphorus (P), 
magnesium (Mg), sulphur (S), zinc (Zn), and nitrogen (N). Microbial extracellular 
enzymes include β-D-cellulosidase (CB), β-Xylosidase (XYL), α-Glucosidase 
(AG),  N-acetyl-β-Glucosaminidase (NAG), L-Leucine-7-amino-4-methylcoumarin 
hydrochloride (LAP) and phosphotase (PHOS). 
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Figure 4.3. The presence and absence of AM OTUs in soil (A and B) and root (C 
and D) environments are significantly associated with field. Fields are donated by 
colour; Coomandook high salt (CHS, red), Coomandook low salt (CLS, green), 
Whitwarta high salt (WHS, turquoise), Whitwarta low salt (WLS, purple). The first 
three axes significantly explained variation and were plotted. The percentage of 
variation explained are stated in the axis labels. 
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4.4.3 Co-occurrence networks reveal significant modularity across all four fields 
The modularity of the co-occurrence patterns of AM fungal OTUs across all four 
fields within soil and root environments was assessed (Figure 4.4). This was done 
using a community detection algorithm based on edge betweeness (Newman and 
Girvan, 2004) to detect groups of AM taxa with similar co-occurrence patterns and 
automatically assign modules to groups of taxa. This revealed that groups of AM 
taxa (i.e. modules) within each field had significant co-occurance patterns and were 
found to frequently co-occur together. Each of the networks had a modularity score 
of at least 0.57 (Table 4.2; modularity scores over 0.4 indicate a modular structure in 
the network).  
 
Table 4.2. Network characteristics of AM OTU presence-absence patterns across 
each field in Coomandook and Whitwarta. 
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Figure 4.4. Co-occurrence networks of AM OTUs occupying soil and root 
environments of the high and low salt fields of Coomandook and Whitwarta. Nodes 
represent OTUs, larger nodes indicate more connections to the node, node colour 
represents module assignment. Module colour is assigned at random within each 
field. Blue and red edges represent positive and negative correlations, respectively. 
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The R2 of the associations are indicated by the opacity of the blue or red line, where 
a more solid line indicates a greater R2 value. Moreover, taxa that share multiple 
links are clustered closer together. 
4.4.4 Multi-level networks reveal ecological associations between AM fungi, plant 
traits, and extracellular enzymes  
The relationship between the number of taxa within each module, plant traits as well 
as microbial extracellular enzyme activity was assessed in each field using a 
correlation network (Figure 4.5 & 4.6). This approach offered us and dadvantange 
over a regression framework because we could simultaneously assess multiple direct 
and indirect relationships of variables that may be driving grain yield, wherase 
regressions may not identify indirect relationships.  
In every field, more AM modules belonging to the soil compared to the root 
environment were found to be connected to the enzyme–plant trait network. Both 
root and soil AM modules were present and correlated with one or several soil 
enzymes and plant traits in every field but Coomandook low salt which only had soil 
modules present.  
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Figure 4.5. Plant trait–soil enzyme–AM module network for Coomandook low and 
high salt fields. Microbial enzymes in yellow, plant traits in green and AM modules 
are in orange. AM modules originating from soil and root environments are denoted 
by an S (for soil) and R (for root) in front of the module number. Blue and red edges 
represent positive and negative correlations, respectively.  The R2 of the associations 
are indicated by the opacity of the blue or red line, where a more solid line indicates 
a greater R2 value. Moreover, variables that share multiple links are clustered closer 
together. Plant traits measured include: C, N, P, S, Ca, Mn, K:Na ratio (K.Na), N:P 
  101 
 
ratio (N.P), Ca:Na ratio (Ca.Na), and grain yield (GY). Microbial traits measured 
include β-D-cellulosidase (CB), β-Xylosidase (XYL), α-Glucosidase (AG),  N-
acetyl-β-Glucosaminidase (NAG), L-Leucine-7-amino-4-methylcoumarin 
hydrochloride (LAP) and phosphotase (EP), and their activity ratios N:P (ENP), C:N 
(ECN), and C:P (ECP). 
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Figure 4.6. Plant trait–extracellular enzyme –AM module network for Whitwarta 
low and high salt fields. Microbial enzymes in yellow, plant traits in green and AM 
modules are in orange. AM modules originating from soil and root environments are 
denoted by an S (for soil) and R (for root) in front of the module number. aR and aS 
represent the entire root and soil community alpha diversity, respectively. Blue and 
red edges represent positive and negative correlations, respectively. 
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4.4.5 Plants experience unique trait syndromes in each field 
Using these networks I determined that unique biotic and abiotic factors were likely 
driving grain yields at each site as indicated by unique associations between plant 
traits. However, in the high salt EC always had a negative association with grain 
yield while elemental traits were positively associated with grain yield. In 
comparison, plant traits within the low salt sites were not associated with EC. At the 
CHS site, EC had negative associations with grain yield, Si, and K:Na, while at the 
WHS site, EC was negatively associated with elemental traits Ca:Na, K:Na and Ca. 
At the WHS site, grain yield was positively correlated to Mn. In comparison, plant 
traits within the low salt sites were not associated with EC. At the CLS site, grain 
yield was positively correlated with Ca:Na and P, while in the WLS site grain yield 
was positively correlated with Mn, like the WHS site. 
 
4.4.6 AM modules are associated with grain yield and other plant traits 
To gain insight into the to the functional diversity of AM communities and their 
potential association with plant performance, I assessed whether counts of taxa 
within each AM module, as well as overall soil and root community diversity, was 
correlated with plant traits within each site. I found that at every site at least one AM 
module or soil or root alpha diversity was directly or indirectly associated with grain 
yield. I performed regression analysis on each of these assosiations and found that 
the strength of the relationship varied between and R2 of 0.19 and 0.81 (Figure S4.1 
and S4.2). 
 In the CHS field, grain yield was positively associated with three AM modules (R11, 
R14, R16) from the root environment, and one AM module from the soil 
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environment (S10), as well as alpha diversity of the entire root community (aR). 
Moreover, S10 was also positively associated with shoot Si concentration which 
itself was positively associated with grain yield. In the CLS field, grain yield was 
positively associated with a single AM module (S6). In the WLS field, grain yield 
was positively associated with a single AM module (S8). I also found associations 
between AM modules and plant traits not directly correlated with grain yield. In the 
WHS field, a single AM modules (S1) was positively associated with Mn, which was 
associated with grain yield. In CLS, N:P was negatively associated with module S15. 
In WHS, K:Na was positively associated with aR, C was positively associated with 
module S19, and Ca and Ca:Na was positively associated with S10.  
 
4.4.7 AM Modules are associated with microbial enzymatic traits  
Contrary to plant traits, I did not find a significant association between soil 
extracellular enzymes and edaphic characteristics to grain yield. However, I found 
associations between some AM modules and extracellular enzymes, most of which 
involved enzymes that soil bacteria and other fungi use for C acquisition: β-
Glucosidase (BG), α-Glucosidase (AG), and cellobiohydrolase (CB). Many of these, 
however, were indirectly related to grain yield. At the CHS site, I found positive 
associations between BG and two modules from the root environment, R17 and R11. 
Moreover, I found that R11 was also positively associated with grain yield. At both 
the CLS and WLS site, AG was positively associated with soil modules; S3 at the 
CLS site and S8 at the WLS site. Within the WHS site, CB was positively associated 
with R1. I also found associations with microbial phosphatase (EP) activity: in the 
CHS field EP was positively associated with S5 and in the WHS field it was 
negatively associated with S8. I also observed negative interactions between modules 
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with enzymatic, C:P ratio, N:P ratio as well as N-acetyl-glucosaminidase (NAG). 
 
4.4.8 Taxonomic composition of modules vary from single genera to multiple 
genera present 
A potential signature of phylogenetic conservation would be a restricted taxonomic 
composition in modules, while functional complementary may be indicated by the 
co-occurrence of several AM taxa. The composition of these modules varied in 
diversity of taxa present, with most modules containing taxa representatives of 
multiple genera (Figure 4.8). When examining the modules within different fields 
that were correlated to the same plant or microbial function, I did not find any 
consistent patterns in the taxa present. However, a few modules were restricted in 
diversity and contained single taxa. In Coomandook high salt, module S28, which 
was positively correlated to microbial phosphatase activity, consisted of two taxa of 
the Diversisporales. The Whitwarta module S15 in the low salt field and module S7 
in the high salt field both consisted entirely of the Claroidioglomus spp. but with 
different OTUs in each module. In the low salt field these taxa were associated with 
the plant elements C and Ca, while in the high salt field the taxa were associated with 
the microbial enzyme LAP. Within modules that were not significantly associated 
with any plant or microbial traits I found several examples that contained taxa 
belonging entirely to a single genus.  
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Figure 4.7. Count of AM genera within each module that were significantly 
associated with a plant or microbial trait. Taxonomic associations in CLS (A) and 
CHS (B) and WLS (C) and WHS (D) are presented. Note that in CLS and WLS no 
root modules were associated with a plant or microbial trait. NA represents 
unassigned OTUs. 
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4.5 Discussion 
To my knowledge this is the first report of associations between AM fungal diversity 
and multiple plant and microbial functions in field settings. I found that in every site, 
AM fungal modules were either indirectly or directly positively correlated with grain 
yield and/or elemental resources that were likely limiting grain yield. My observation 
supports my hypothesis AM communities would be significantly modular and that 
modular associations may be indicative of multi-functionality within the AM fungal 
community. These functional associations may represent direct interactions or 
indirect interactions due to co-variation in response to some unmeasured variables. 
For example, enzymatic activity changes in association with AM fungi modules were 
likely caused by changes in microbial decomposers rather than AM fungi themselves. 
I also found that some AM fungal modules were enriched with OTUs belonging to a 
single genus while others harbored OTUs belonging to several genera, suggesting the 
possible role of functional complementarity or habitat filtering operating on these 
AM taxa. This study provides a novel insight into the functional diversity of AM 
fungal communities in saline wheat ecosystems and the various functional routs of 
how this diversity may linked to wheat productivity. 
 
4.5.1 AM fungal associations with plant function 
Although I could not conclude that OTU abundance within modules were causing the 
observed plant trait responses, my approach identified subsets of taxa from root and 
soil environments across the high salt fields of both sites that were associated with 
plant traits known to be beneficial to plants under salt stress including Ca:Na, K:Na, 
and Si (Evelin et al., 2009; Liang et al., 1996; Porcel et al., 2012; Rizwan et al., 
2015). Although, AM fungi have been found to enhance plant K:Na ratios under salt 
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stress (Evelin et al., 2009; Porcel et al., 2012), and have been reported to increase Si 
content in the roots of sugar cane (Frew et al., 2017) to my knowledge this is the first 
report of an association between AM fungal diversity and Ca:Na, K:Na, and Si in 
plants. In three of the four sites I found a positive association between AM fungal 
modules and grain yield. Although AM fungal taxa in these modules may be 
assisting plant uptake of resources such as water, leading to a positive association, 
plants could be driving AM module responses through their direct role in supplying 
C to the fungus. Having a C surplus may make plants better hosts of AM fungi 
(Mariotte, 2014) and enable plants to support more AM taxa. However, with 
increasing C concentration I did not always observe positive associations with taxa 
count within modules. In this case, within CHS, C concentration was negatively 
associated with grain yield, likely because other factors, such as Ca, K, or Si uptake 
were driving plant performance. Mn concentration may have been limiting grain 
yield in both Whitwarta fields and that an AM fungal module was positively 
associated with Mn concentration in the high salt field. Previous studies have found 
inconsistent effects of inoculation with AM fungi on plant Mn, however positive 
associations between AM fungi and plant Mn content have been reported but only in 
herbs (Lehmann and Rillig, 2015). To my knowledge, my finding is the first report of 
an association between AM fungal diversity and Mn concentration in the grasses. 
 
4.5.2 AM fungal associations with soil C, N and P extracellular enzymes 
AM fungi have been suggested to interact with other microbes in the surrounding soil 
since the presence of AM fungi can alter sugar exudation by the plant (Jones et al., 
2004). This may be an important factor determining whether microbial decomposers 
mineralize or retain resources for cellular metabolism (Manzoni et al., 2010). For 
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example, by decreasing C exudation in plants, AM fungi would indirectly induce C 
limitation in microbial decomposers, which would result in these microbes using 
more recalcitrant C sources and by doing so, release labile N and P that would be 
freely available for other organisms such as plants or AM fungi (Manzoni et al., 
2010). Such a mechanism may be responsible for some of the associations observed 
between some AM modules and β-Glucosidase, α-Glucosidase, as well as 
cellobiohydrolase and phosphatase activity. AM fungi have also been reported to 
competitively or mutualistically interact with phosphorus solubilizing bacteria, either 
depending on P supply (Zhang et al., 2016). These interactions may explain some of 
my observations of either positive or negative correlations between AM modules and 
phosphatase activity that depending on site.  
 
4.5.3 Potential determinants of modularity within AM communities 
Our findings are in line with previous studies that used plant- AM fungal networks to 
identify possible niche-based processes driving community structure within AM 
communities (Encinas‐Viso et al., 2016; Newman and Girvan, 2004). Carbon 
allocation to AM fungi has been suggested to regulate N and P transfer from the 
fungus to the plant (Fellbaum et al., 2012; Kiers et al., 2011; Zheng et al., 2015), 
which may determine which fungi are enriched in a community. Preferential C 
transfer to the most beneficial symbiont has been observed in the case of P and may 
be regulated by host C status (Kiers et al., 2011; Zheng et al., 2015). Alternatively, 
nutrient transfer from fungi to plants could be also determined by source-sink 
relations for water since plant transpiration and hyphal aquaporins have been shown 
to determine polyphosphate transfer from AM fungi into plant roots (Kikuchi et al., 
2016). I did not measure C assimilation or transpiration in this experiment, but these 
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factors are important determinants of plant performance (Long et al., 2006), and 
therefore it’s possible that either one, or both, of these mechanisms could explain the 
associations I observed between AM module and plant traits linked to grain yield.  
 
Phylogenetic conservatism has been found within AM fungal genera, however 
generally AM fungal functional diversity is large within and between species. I found 
that Claroidioglomus spp. were overrepresented in a single module in both 
Coomandook fields, however in each field the OTUs were different and associated 
with a different variable. Moreover, I found modules in different fields were 
associated with the same traits, however the taxonomic composition between these 
modules were variable. The variability of these observations may be attributable to a 
high level of functional diversity that can occur between different species of AM 
fungi as well as between isolates of a single species. Alternatively, isolates of AM 
fungi may be changing their responses as environmental factors unique to each site, 
pointing towards the role of context dependency in these responses. Different isolates 
have also had variation in tolerance to abiotic gradients across the site. This could 
lead to selection subsets of AM fungi at a location.  
 
I also found that most modules responding to plant traits and microbial enzyme 
activities were present in the soil environment. This observation could be attributed 
to differences root vs soil functions of AM taxa. This has been suggested since AM 
species have been found to have different rates of hyphal growth in soil vs inside 
roots. Furthermore, this observation may be indicative of a more important role in 
extra radical fungal communities in determining plant and microbial function. 
Previous studies have found that external hyphae length, rather than root length 
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colonised, is a better predictor of AM impact on plant function (Sawers et al., 2017). 
However, I also observed a positive correlation between total root diversity but not 
total soil diversity and grain yield in the CHS site, which may suggest context 
dependent environments could determine the role of soil vs root AM communities.  
 
4.6 Conclusions  
To my knowledge this study is the first to demonstrate the multifunctional role of 
AM fungal communities across plant and microbial ecosystem levels in wheat agro-
ecosystems. Altogether, the AM fungi associated with various functions in each field 
may be considered a consortium. Bacterial inoculants using multiple species or 
isolates, or microbial consortia, have shown promise since they may perform 
functions that individual populations cannot (Brenner et al., 2008). Combining 
multiple strains that each perform independent functions such as nitrogen fixation, 
root growth promotion, and induced resistance may prove to be a successful strategy 
for promoting plant health (Jain et al., 2012; Weyens et al., 2009).  
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Chapter 5: General discussion and future directions 
Throughout my thesis, up to this point, I attempted to build on existing conceptual 
models of the functioning of the arbuscular mycorrhizal (AM) symbiosis. These 
models included the functional equilibrium model and model of host sanctions. I 
attempt to make headway on the development of these models and integrate plant 
and fungal functional diversity across variation in nutrient and stress conditions. In 
the first two experimental chapters (thesis chapter 2 and 3) I attempt this using the 
core concepts of ecological stoichiometry (Sterner and Elser, 2002), which are a core 
determinant of organism functional traits (Elser et al., 2010). In the fourth chapter, 
while I do not explicitly cite ecological stoichiometry, I explore the relationship 
between functional potential of AM fungal communities and wheat productivity. I set 
out to address the following hypothesis in each chapter: 
 
1. Plant resource allocation strategy to growth vs storage is a determinant of 
plant phenotypic responses to AM fungi, since growth responses to AM fungi 
may depend on how plants respond to changes in resources. 
2. Since salinity makes uptake of N more difficult for plants and likely fungi as 
well, plant-AM fungal competition for N will be exacerbated by salt stress. 
Moreover, plant growth strategy can explain differences in the plant 
phenotypic outcomes. 
3. Co-occurrence patterns of AM fungal taxa along salinity gradients are 
associated with traits linked to host performance along these gradients, since 
the model of host sanctions predicts that AM fungal community assembly 
patterns should be linked to plant C availability and therefore plant 
performance traits. 
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In my second chapter, while confirming the predictions of the functional equilibrium 
model, I show that a central trait in ecological stoichiometric theory, stoichiometric 
homeostasis, explains differences in mycorrhizal growth responses in two genotypes 
of Brachypodium distachyon. This trait also reflected how the faster growing plant 
(Bd3-1), allocated more N and P towards growth than the smaller, slower growing 
plant (Bd21), which were key differences in explaining the differential MGRs. In the 
third chapter I found that salt stress exacerbated competition between plants and AM 
fungi for N, and that the above said genotype differences in resource allocation 
determine the resulting plant shoot phenotypes to this competition. In my fourth 
chapter I show how communities of AM fungi in wheat agro-ecosystems co-occur 
forming distinct groups, called modules, which suggest functional differences 
between AM community members. I then show that in every site I sampled, positive 
associations occur between the diversity of fungi within some of these modules and 
grain yield, or plant traits positively associated with grain yield. In the following 
discussion, I attempt synthesise these main findings and present future directions. 
 
5.1 Can ecological stoichiometry explain mycorrhizal functioning? 
The theory of ecological stoichiometry (Sterner and Elser, 2002) offers an 
opportunity to understand the integration of plant and AM fungal physiology. This is 
because the central tenants of the theory probably apply equally to plants as well as 
fungi. These tenants include the relationship between variation in the strength of 
stoichiometric homeostasis among biota and organization of materials that lay the 
basis for the growth rate hypothesis (GRH) which links organismal C:N:P 
stoichiometry to its growth rate due to the P rich signature of ribosomes (Waal et al., 
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2018). While I provide evidence that this central tenant can explain functional trait 
coordination in B. distachyon, recent evidence has come out that the GRH likely 
applies to fungi as well since on average, across all surveyed fungi N:P ratios 
converge to a value of 16:1 (molar ratio) which reflects a value that converges due to 
the resource requirements of the biochemical machinery of N-rich proteins and P-
rich ribosomes needed for growth (Zhang and Elser, 2017). A large amount of 
research suggests that C , N and P investments into organismal physiological 
processes will be more or less coupled to the requirements from proteins and 
ribosomes for growth (Ågren, 2004; Elser et al., 2003; Loladze and Elser, 2011). 
Therefore, investigations into plant and fungal C-N-and P transfers could center 
around the GRH to help reveal the relationship between resource requirements for 
organismal function and resources invested into symbiotic partners.  
Future studies should build on our investigations and include a greater diversity of 
plant species as well as genotypes. My study presented in Chapter 2 and 3 only 
focused on two genotypes although they represented two extremes along a 
continuum of plant growth strategies. Moreover, I focused on relationships between 
stoichiometry and functional traits within these genotypes and observed relationships 
that were contunuus and roughly linear between AM and NM plants. An important 
message is that researchers should carefully consider plant life strategies when 
choosing and interpreting responses of host plants in subsequent studies. 
5.2 Can variation in plant growth form explain resource exchange between plants 
and fungi? 
Carbon is a central requirement for organismal growth. Current studies have used 
shading to decrease C supply which is required from the fungus to transfer N and P 
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to the plant (Fellbaum et al., 2012; Kiers et al., 2011). However, as I show, when 
low-N reduced plant chlorophyll production which likely reduced C production from 
the plant, plant investment into growth ultimately determined the C concentration 
within the plant. This may, in-turn, affect the functioning of the symbiosis (Mariotte, 
2014). Lending support to this notion, recent evidence suggests that in a hyphal 
network connecting multiple plants, the larger sunlit plants received the largest share 
of N from the fungus (Weremijewicz et al., 2016). These authors speculated that 
these plants were a better C supply for the fungus, and therefore, along the lines of 
the reciprocal exchange model, suggested that fungi preferentially allocation 
resources to these plants because they provided more C. However, recent evidence 
has suggested that plant transpiration may be a driving factor in P transfer from 
fungus to plant since it induces a sink for water flow which in-turn carries P (Kikuchi 
et al., 2016). These authors experimentally reduced transpiration by shading, removal 
of shoot, and abscisic acid (ABA) application to the shoot and fungal aquaporin gene 
expression, responsible for the production proteins used for water transport across 
the fungal cell membrane, was knocked down. All these methods reduced P transfer 
from fungus to the plant, which was positively correlated to transpiration rate. 
Theoretically, transpiration rate should increase with plant size and could also 
explain the observations of Weremijewicz et al (2016). Although we did not assess if 
transpiration rate was a driving factor of N or P transfer rates between AM fungi and 
B.distachyon, it is possible that such differences between genotypes could account 
for variation in symbiotic responses. Non-the-less, whether C availability or 
transpiration is driving these exchanges requires further investigation. 
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Various environmental contexts may also determine C availability and/or 
transpiration rate in the plant and therefore determine resource transfer between 
plants and AM fungi. For example, salinity, drought and heat can cause stomatal 
closing and reduce C uptake. Moreover, changes in resource supply conditions may 
also affect C production. I show how N availability causes a reduction in plant C 
production as indicated by decreasing C:N ratios. Up until now, the ability of plants 
to discriminate C flow to the most beneficial symbiont has only been tested under 
shading (Zheng et al., 2015). Therefore, investigations into plant – fungal C transfer 
under various environmental conditions that may potentially alter plant C production 
requires investigation.  
 
5.3 Could AM fungal stoichiometry help explain plant-fungal resource dynamics? 
Although there is a lack of knowledge for AM fungi, I can assume the GRH applies 
to these organisms because of the highly conserve requirements for N and P by 
ribosome and proteins (Sterner and Elser, 2002). Like plants with C exchange, the 
ability of AM fungi to transfer N and P may rely on an availability of these resources 
which would be dependent on access to the resources in the environment and/or 
requirements of these resources for fungal maintenance, growth and fitness processes. 
For example, I show that low-N conditions induce competition between plants and 
fungi for N, which agreed with previous studies (Johnson et al., 2015). This 
competition occurs presumably because of the large amount of N required for 
chlorophyll production in the plant and hyphae, which contains chitin, in the fungus 
(Johnson 2015; Jones et al., 2011). Thus, under low N conditions fungi may be more 
likely to use N for their own requirements rather than transfer it to the plant. To my 
knowledge there have been no evaluations of hyphal requirements for P. However, 
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AM fungi have a filamentous form and therefore likely have a much higher surface 
area to volume ratio compared to a root which might suggests that resource 
investment into hyphal growth may have greater returns in terms of resource uptake 
compared to resources invested into plant root growth. 
 Looking foward, differences in AM fungal and plant nutritional requiroments may 
ultimately their ability to co-exist. Support for this hypothesis may be found if one 
builds on the well known scaling relationships between organismal resource 
stoichiometric requirements and organism size, where larger organisms require a 
greater proportion of N compared to P (Elser et al., 2010). Lending support to this 
notion, stoichiometric models generally assume that osmotrophs, such as fungi 
(Jones et al., 2011), at the base of food webs have a relaxed stoichiometric 
homeostasis (Jeyasingh et al., 2017). Such a resource acquisition mode in AM fungi 
may enable flexibility in stoichiometric requirements, which may enable co-
existence with organisms that have more strict stoichiometric requirements, such as 
plants. For example, similar dynamics have been suggested to promote co-existence 
among subordinate and dominant plants, which have more flexible and stricter 
stoichiometric homeostasis, respectively (Elser et al., 2010; Mariotte, 2014; Mariotte 
et al., 2017). While I was not able to address this hypothesis in my PhD research, 
future research on AM fungal resource requirements may do so.  
 
5.4 What is the role of AM fungal functional diversity in determining resource 
dynamics between partners? 
Overall, there has been a general trend that AM community diversity is positively 
associated with plant productivity (Powell and Rillig, 2018), a finding that likely 
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includes diverse environmental contexts. My findings agree with this notion since I 
found evidence that regardless of environmental context (i.e. salinity or not), either 
total AM fungal diversity or diversity of certain modules of AM fungi were 
positively associated with grain yield or elemental traits likely driving grain yield. 
These positive associations may be explained by a healthier plant being a better 
source for C, and the enrichment of some AM modules over others as different plant 
traits changed (eg. Grain yield, Ca, Mn) may represent a preferential transfer of C to 
these fungi. Perhapse AM fungi in these modules possess certain functional 
properties beneficial to the plant. For example, different AM fungi can have different 
abilities to transfer N and P to the plant (Johnson et al., 2010), as well as to have 
different growth effects on plants under salt stress (Porcel et al., 2012). AM fungi 
have also been implicated in the transfer of potassium (K) (Garcia and Zimmermann, 
2014), Sulfur (S) (Allen and Shachar-Hill, 2009), Zinc (Zn) (Lehmann et al., 2014) 
and manganese (Mn) (Lehmann and Rillig, 2015). However, few studies have 
investigated the diversity between AM fungi taxa in the uptake mechanisms for these 
resources. Moreover, preferential transfer to more beneficial AM fungi has been 
demonstrated occur with N and P but no other elements (Fellbaum et al., 2012; Kiers 
et al., 2011). Thus, an additional work is needed to determine the role of AM fungal 
functional diversity in resource uptake mechanisms in regulating C exchange from 
plants.  
How a community of AM fungi affects plant nutrition may also depend on the 
tolerance of fungi to abiotic stresses. For example, species of Glomus as well as 
Funneliformis geosporum have been observed in several ecosystems with high 
salinity, while Funneliformis mossea generally has a broad distribution and is found 
in environments with various stresses such as disturbance, hydrocarbons, trace metal 
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pollution and drought (Lenoir et al., 2016). In the presence of salt stress, studies have 
reported variation in maximum germination between isolates of fungi, where some 
AM species reached maximum germination at high salt levels while other species are 
reduced or unchanged (Juniper and Abbott, 2006). Few studies have been able to 
understand the mechanisms responsible for this variation or how it may affect 
resource transfer to host plants. We may be able to gain some hints by looking at 
other fungal lineages. For example, Ascomycete and Basidiomycete mycorrhizal 
fungi grown in saline conditions were shown to increase accumulation of compatible 
solutes, although the compatible solutes accumulated among the five species differed 
(Bois et al. 2006). Some accumulated carbohydrates, and others used accumulated 
proline or possibly melanin. Furthermore, the different isolates showed varying 
degrees of Na+ and Cl- filtering (Bois et al. 2006). More research is needed to 
understand the drivers of AM fungal tolerance to abiotic stresses such as salinity. 
This will facilitate our understanding of how functional diversity in AM fungi 
determines how AM fungi affect plant biodiversity, ecosystem function, and agro-
ecosystem productivity. 
5.5 How can knowledge of AM fungal interactions help improve crop production? 
Positive effects on plant productivity due to AM fungi are inconsistent and remain 
difficult to predict since the effects depend on complex interactions between plant 
genotype x AM fungal community x environment. Because of this it is difficult to 
make recommendations on how plant breeders or AM fungal inoculum producers 
should proceed regarding mycorrhizal technology (Ryan and Graham, 2018). 
However, a systems approach enabled by new technologies combined with a better 
understanding of mycorrhizal functioning may one day make AM fungal 
management economically justifiable in agroecological contexts. 
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One of the major limiting factors in successfully applying mycorrhizal management 
practices in the field is the lack of an understanding how variation in field conditions 
such as light, temperature, soil moisture affects mycorrhizal responses. New 
methodologies are emerging that may allow us to fill this gap. At the present some of 
these technologies may by expensive, however costs are constantly decreasing. Plant 
phenomic monitoring technologies using field sensors and drones are emerging that 
enable high-throughput plant trait monitoring in the field. This will enable spatial 
maps of key plant traits (e.g. leaf chlorophyll, leaf surface area, and plant size) over 
multiple time-points throughout the growing season (Thorp et al., 2015).  Research 
should attempt to capture the role of host plant genetics in influencing mycorrhizal 
functioning, since this can play an important role. For example, C4 plants have 
greater mycorrhizal responses to AM fungi (Hoeksema et al., 2010), but there exists 
a large variation in C4 photosynthetic subtype with varying N use efficiencies which 
may affect the degree of N competition with AM fungi (Ghannoum et al., 2005). To 
associate this variation with AM communities, field phenomics could be overlaid 
with assessment of mycorrhizal diversity, using ITS profiling, or even more in-depth 
profiling of function using metagenomics or met transcriptomics to gain insight into 
functional changes within AM communities. These functional assessments of AM 
communities will likely require studies involving nutrient tracers (e.g. P33 , N15, C13) 
and fungal functional gene assays using new techniques such as CRISPR (Fuller et 
al., 2015). 
It’s evident that plant responses to AM fungi can depend on the combination of taxa 
present. Following in-depth field studies of AM community function, tests of the role 
of AM diversity and function on plant productivity may be accomplished with 
reciprocal inoculation experiments that aim to augment the spatial distribution of AM 
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taxa within the field. For example, soil from plots containing certain AM fungal taxa 
may be transplanted to plots that do not contain those taxa. With continued 
monitoring of these altered communities, a more detailed insight into the role of AM-
AM interactions on plant function may be obtained. Moreover, sequencing 
technologies may simultaneously monitor bacterial and fungal communities in 
addition to AM fungi to gain an understanding of AM fungal – decomposer or AM 
fungal – pathogen. The presence of these microbes can alter the effects of AM fungi 
on plant function (Hoeksema et al., 2010). However, these mechanisms are poorly 
understood. Moreover, soil pathogens or non-mycorrhizal microbes may exert 
greater effects on plant growth than AM fungi themselves (Ryan and Graham, 2018). 
Altogether, making headway on developing mycorrhizal technology will require an 
integrated systems approach to monitor multiple levels within agro-ecosystems since 
mycorrhizal responses are mediated by multiple interacting factors.  
5.6 Conclusion 
Predicting mycorrhizal phenotypes remains a difficult and complex, but not 
impossible, problem. Solving this problem lays in unraveling the interactive role of 
environment, plant, AM fungal diversity, and soil bacterial/ non-AM fungal diversity. 
This approach may be enabled by combinations of new technologies such as 
phenomics, ionomics, meta-transcriptomics, and functional gene assays (e.g. 
CRISPR) used in conjunction to gain a systemic view of agro-ecosystem function. 
This may drive the development of innovative management practices, such as 
microbial management methods, that better promote ecosystem services as well as 
human economies in a changing world. 
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Supplemental Figures 
 
Figure S2.1. Shoot dry weight (A) and shoot fresh weight (B) from all pots plotted 
against the PSA of plants on day 46. PSA was strongly correlated with shoot fresh 
weight (R2=0.95) and dry weight (R2=0.93). 
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Figure S2.2. a: Nitrogen and phosphorus limitation status of Bd21 and Bd3-1. Box-
plots of Bd21 (red) and Bd3-1 (blue) shoot tissue N:P content plotted against the 
three nutrient with AM fungi present (AM+) or absent (AM-). Points above and 
below box-and-whiskers represent data points outside 1.5× the interquartile-range. 
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Figure S2.3. Principal component (PC) analysis of Bd21 and Bd3-1 functional traits 
associated with shoot growth: shoot area - mass ratio (SAMR; fresh projected shoot 
area/fresh shoot weight), average hue angle (HA), nitrogen to hue angle ratio (NHR; 
total N content (g) / hue angle). PC1 explained 78% of variation and PC2 explained 
12% of variation. 
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Figure S2.4. AM fungal colonisation in Bd21 and Bd3-1 plotted against a: shoot 
area mass ratio (SAMR; PSA on day 46 / shoot dry weight (g)), b: P concentration 
(mg/g), c: Shoot P content (mg). Shapes representing individual replicates under -
N+P (triangles), -N-P (squares) and +N-P (circles) are shown. n=6 per treatment, 
except for Bd21 AM+/+N-P where n=5. 
  148 
 
 
Figure S2.5. The coordination of shoot N and shoot P concentration with respect to 
one another demonstrating differences in genotype homesostasis between Bd21 and 
Bd3-1. a: Shoot N concentration plotteg agains shoot N:P, b: Shoot P concentration 
plotteg agains shoot N:P c: and Shoot P concentration plotted agains shoot N 
concentration. Plant genotype is represented by colour: Bd21 (red), Bd3-1 (blue), 
mycorrhizal treatments are represented by empty shapes and dotted lines (AM-) or 
filled shapes and solid lined (AM+). Vertical dashed lines indicate a mass N:P ratio 
of 7.3:1 (molar ratio 16:1) that represents the Redfield ratio. -N+P (triangles), -N-P 
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(squares) and +N-P pots (circles) are shown. N=6 per treatment, except for Bd21 
AM-/+N-P and Bd21 AM+/+N-P where n=5. Lines were fitted as approximate trends 
of the true relationships which are represented in the statistical analysis using the 
maximal models. The stoichiometric coefficient values were determined from the 
slopes of the lines in the maximal model: In the absence of AM fungi, B3-1 (blue) 
had a HN:P of 5.9 and Bd21 (red) had a HN:P of 2.8. In the presence of AM fungi, 
Bd3-1 had a HN:P of 6.4 and Bd21 has a HN:P of 2.9. Tissue N:P the AM+ pots (filled 
circles, solid lines) was significantly less than that of the AM- pots (empty circles, 
dashed lines) 
 
Supplemental 3.1: Initial B. dystachyon Salt Trial 
Prior to the start of the experiment, a trial experiment was conducted to determine the 
upper range of salt-tolerance of B dystachioniy genotypes Bd21 and Bd3-1. Briefly, 
Bd21 and Bd3-1 were growth under 0mM, 40mM, 80mM, and 160mM NaCl 
concentrations and a AM+ and AM- treatment using a commercial innocula obtained 
from MicrobeSmart (SA, Australia). A sandy-loam soil from a local paddock at the 
Hawkesbury Institute for the Environment. Soils were air dried and following 
gamma irradiation at 50kl, were amended with an AM+ or AM- inoculum and a 
microbial wash. The microbial wash was was created by mixing xg of inocula and x 
H20, agitated every 5 minutes for 30 minutes follow by running the solution through 
a 38 um sieve and collecting the sievate. AM- pots were inoculated with 8g of dry 
inocula that had been autoclaved twice and Am+ pots were inoculated with 8g dry, 
live inocula. All potting mixes were made using a cement mixer where the mixing 
compartment had been steam sterilized. Seeds were surface sterilized in 10% bleach 
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solution, four seeds of each genotype were planted per pot. Seedlings were thinned 
out at the three leave stage. At the three leaf stage, all plants were saturated to 0mM, 
40mM, 80mM and 160mM over the course of three days. Estimates of 
photosynthesis were made every week up until destructive harvest. several plants 
died under 160mM salinity level so the upper tolerance so for the experiment at The 
Plant Accelerator, 80mM NaCl was selected for the salt treatment. 
 
 
 
 
 
Figure S3.1. Shoot dry weight (A) and Shoot fresh weight (B) plotted against 
projected shoot area (PSA) on the day of harvest (46 days after planting). Plants that 
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received an 80mM salt treatment (blue) and did not receive the treatment (red) are 
presented. Shoot dry weight and fresh weight was strongly correlated to PSA in both 
the presence (Dry weight, R2= 0.80; Fresh weight, R2=0.87) and absence of salt (Dry 
weight, R2= 0.91; Fresh weight, R2=0.94). 
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Figure S3.2. Example of color classification by the automated image analysis to 
measure senescing (orange) and healthy (green) tissue. The figure shows a single 
Bd3-1 plant grown in the presence of salt on day 36 and day 44, where senescence 
increased ~4.6x. 
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Figure S 4.1. Plots of correlations between modules and plant and microbial traits 
from the multi-level networks in CLS (A-D) and CHS (E-L).  
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Figure S 4.2. Plots of correlations between modules and plant and microbial traits 
from the multi-level networks in WLS (A-C) and WHS (D-J).  
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Appendix A 
A. 1 Results of hypothesis tests for spatial effects and differential 
variation 
The following table gives the results of the hypothesis tests. It shows that there were 
Lane effects for 8 responses out of 24 and that the only affect of Positions was a 
linear trend across Positions for 17 out of 24 responses. In addition, there were 
unequal Genotype variances for 9 out of 24 responses. 
                Lane xPosn spl(xPosn) Position Unequal Genotype variance 
AGRmax         0.063 0.000         NA    0.292                     0.011 
PSA.fd         0.300 0.000      0.339       NA                     0.229 
MGR            0.140 0.000         NA    0.121                     0.047 
FSW            0.284 0.000         NA    0.322                     0.004 
FRW            0.289 0.365         NA    0.052                     0.908 
DSW            0.209 0.001         NA    0.446                     0.362 
DRW            0.611 0.008         NA       NA                     0.536 
HA.fd          0.001 0.537         NA       NA                     0.013 
TSN            0.478 0.000      0.219       NA                     0.001 
TSP            0.305 0.016         NA       NA                     0.002 
TNP            0.009 0.002         NA    0.158                     0.809 
TPW            0.567 0.001         NA       NA                     0.470 
Phos           0.147 0.002         NA    0.104                     0.316 
Nit            0.007 0.419         NA       NA                     0.985 
C              0.001 0.065      0.115       NA                     0.226 
TCN            0.053 0.754      0.204       NA                     0.173 
RMF            0.076 0.897         NA       NA                     0.031 
PC1            0.000 0.000         NA    0.176                     0.457 
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PC2            0.743 0.030         NA       NA                     0.102 
PC1.response   0.007 0.000         NA    0.098                     0.175 
AGRmax.TNP     0.000 0.000         NA    0.448                     0.005 
PC1.TNP        0.139 0.000      0.456       NA                     0.927 
log_PSA.fd.TNP 0.020 0.000         NA    0.156                     0.001 
TNP.SNP        0.006 0.001         NA       NA                     0.218 
A. 2 Prediction plots 
Following are the plots of the predictions, calculated from the selected models, for 
the combinations of Genotype and NP (i) with AM and (ii) over per.col, the latter 
only when the response has a relationship with per.col for AM+. When the response 
does have a relationship with per.col, the predictions for AM+ in the plot (i) are made 
for the mean per.col value (0.5731). Plot (ii) uses the arbitrarily chosen values for 
per.col of 20%, 50%, 80% and includes the slopes. For example, for DSW, the 
predictions for the AM_plus level in the bar chart for the combinations of AM, 
Genotype and NP is for this value of per.col. In this case, they can be adjusted to 
other values of per.col using the slopes given in the accompanying DSW-versus-
per.col plot. The last three responses are those that involve looking at the relationship 
between the response and a covariate, the covariate being based on the variable after 
the period (‘.’). 
Also provided are heat maps of the 𝑝-values that show which differences in plots of 
type (i) are significant, except that I have been unable to produce this plot for 
TNP.SNP. 
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A.3 Summaries of hypothesis tests 
The following are the pseudo-anova tables for the maximal model. They were used 
to do the model selection for the fixed terms. 
 
 
#### Summary of hypothesis tests for AGR maximum  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.292 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.011    Significant 
4                       AM:Genotype:NP  2  37.7 0.378 Nonsignificant 
5                          Genotype:NP  2  36.5 0.011    Significant 
6                                AM:NP  2  35.5 0.005    Significant 
7                          AM:Genotype  1  36.3 0.133 Nonsignificant 
8  at(AM, AM_plus):per.col:Genotype:NP  2  45.2 0.934 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2  45.0 0.968 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1  45.5 0.514 Nonsignificant 
11             at(AM, AM_plus):per.col  1  45.2 0.716 Nonsignificant 
 
 
#### Summary of hypothesis tests for PSA on final day  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn)  1    NA 0.339 Nonsignificant 
2            Unequal Genotype variance  1    NA 0.229 Nonsignificant 
3                       AM:Genotype:NP  2    46 0.223 Nonsignificant 
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4                          Genotype:NP  2    46 0.000    Significant 
5                                AM:NP  2    46 0.001    Significant 
6                          AM:Genotype  1    46 0.997 Nonsignificant 
7  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.962 Nonsignificant 
8           at(AM, AM_plus):per.col:NP  2    46 0.873 Nonsignificant 
9     at(AM, AM_plus):per.col:Genotype  1    46 0.728 Nonsignificant 
10             at(AM, AM_plus):per.col  1    46 0.067 Nonsignificant 
 
 
#### Summary of hypothesis tests for Mycorrhizal growth response  
 
                                terms DF denDF     p         action 
1                            Position  1    NA 0.121 Nonsignificant 
2                          spl(xPosn) NA    NA    NA         Absent 
3           Unequal Genotype variance  1    NA 0.047    Significant 
4                         Genotype:NP  2  13.8 0.003    Significant 
5 at(AM, AM_plus):per.col:Genotype:NP  2  16.9 0.665 Nonsignificant 
6          at(AM, AM_plus):per.col:NP  2  14.0 0.757 Nonsignificant 
7    at(AM, AM_plus):per.col:Genotype  1  16.4 0.896 Nonsignificant 
8             at(AM, AM_plus):per.col  1  12.8 0.043    Significant 
 
 
#### Summary of hypothesis tests for Fresh shoot weight  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.322 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.004    Significant 
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4                       AM:Genotype:NP  2  34.9 0.596 Nonsignificant 
5                          Genotype:NP  2  33.7 0.000    Significant 
6                                AM:NP  2  32.1 0.000    Significant 
7                          AM:Genotype  1  33.5 0.194 Nonsignificant 
8  at(AM, AM_plus):per.col:Genotype:NP  2  44.0 0.955 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2  42.8 0.837 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1  43.7 0.973 Nonsignificant 
11             at(AM, AM_plus):per.col  1  42.7 0.057 Nonsignificant 
 
 
#### Summary of hypothesis tests for Fresh root weight  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.052 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.908 Nonsignificant 
4                       AM:Genotype:NP  2    46 0.491 Nonsignificant 
5                          Genotype:NP  2    46 0.002    Significant 
6                                AM:NP  2    46 0.263 Nonsignificant 
7                          AM:Genotype  1    46 0.035    Significant 
8  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.312 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2    46 0.738 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1    46 0.681 Nonsignificant 
11             at(AM, AM_plus):per.col  1    46 0.422 Nonsignificant 
 
 
#### Summary of hypothesis tests for Dry shoot weight  
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                                 terms DF denDF     p         action 
1                             Position  1    NA 0.446 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.362 Nonsignificant 
4                       AM:Genotype:NP  2    46 0.599 Nonsignificant 
5                          Genotype:NP  2    46 0.000    Significant 
6                                AM:NP  2    46 0.001    Significant 
7                          AM:Genotype  1    46 0.138 Nonsignificant 
8  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.961 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2    46 0.565 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1    46 0.989 Nonsignificant 
11             at(AM, AM_plus):per.col  1    46 0.022    Significant 
 
 
#### Summary of hypothesis tests for Dry root weight  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn) NA    NA    NA         Absent 
2            Unequal Genotype variance  1    NA 0.536 Nonsignificant 
3                       AM:Genotype:NP  2    46 0.678 Nonsignificant 
4                          Genotype:NP  2    46 0.000    Significant 
5                                AM:NP  2    46 0.018    Significant 
6                          AM:Genotype  1    46 0.688 Nonsignificant 
7  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.311 Nonsignificant 
8           at(AM, AM_plus):per.col:NP  2    46 0.837 Nonsignificant 
9     at(AM, AM_plus):per.col:Genotype  1    46 0.449 Nonsignificant 
10             at(AM, AM_plus):per.col  1    46 0.081 Nonsignificant 
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#### Summary of hypothesis tests for Hue angle on final day  
 
                                terms DF denDF     p         action 
1                          spl(xPosn) NA    NA    NA         Absent 
2           Unequal Genotype variance  1    NA 0.013    Significant 
3                      AM:Genotype:NP  2  36.8 0.012    Significant 
4 at(AM, AM_plus):per.col:Genotype:NP  2  45.0 0.372 Nonsignificant 
5          at(AM, AM_plus):per.col:NP  2  44.6 0.061 Nonsignificant 
6    at(AM, AM_plus):per.col:Genotype  1  45.2 0.238 Nonsignificant 
7             at(AM, AM_plus):per.col  1  44.8 0.006    Significant 
 
 
#### Summary of hypothesis tests for Total shoot N  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn)  1    NA 0.219 Nonsignificant 
2            Unequal Genotype variance  1    NA 0.001    Significant 
3                       AM:Genotype:NP  2  30.5 0.566 Nonsignificant 
4                          Genotype:NP  2  29.8 0.885 Nonsignificant 
5                                AM:NP  2  17.7 0.128 Nonsignificant 
6                                   NP  2  19.7 0.000    Significant 
7                          AM:Genotype  1  30.7 0.180 Nonsignificant 
8                             Genotype  1  29.7 0.957 Nonsignificant 
9                                   AM  1  22.1 0.000    Significant 
10 at(AM, AM_plus):per.col:Genotype:NP  2  41.0 0.849 Nonsignificant 
11          at(AM, AM_plus):per.col:NP  2  36.3 0.701 Nonsignificant 
12    at(AM, AM_plus):per.col:Genotype  1  41.0 0.766 Nonsignificant 
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13             at(AM, AM_plus):per.col  1  35.8 0.475 Nonsignificant 
 
 
#### Summary of hypothesis tests for Total shoot P  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn) NA    NA    NA         Absent 
2            Unequal Genotype variance  1    NA 0.002    Significant 
3                       AM:Genotype:NP  2  34.4 0.840 Nonsignificant 
4                          Genotype:NP  2  33.1 0.000    Significant 
5                                AM:NP  2  31.4 0.000    Significant 
6                          AM:Genotype  1  32.9 0.517 Nonsignificant 
7  at(AM, AM_plus):per.col:Genotype:NP  2  43.6 0.344 Nonsignificant 
8           at(AM, AM_plus):per.col:NP  2  42.0 0.987 Nonsignificant 
9     at(AM, AM_plus):per.col:Genotype  1  43.1 0.109 Nonsignificant 
10             at(AM, AM_plus):per.col  1  41.8 0.168 Nonsignificant 
 
 
#### Summary of hypothesis tests for Tissue N:P ratio  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.158 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.809 Nonsignificant 
4                       AM:Genotype:NP  2    46 0.567 Nonsignificant 
5                          Genotype:NP  2    46 0.000    Significant 
6                                AM:NP  2    46 0.056 Nonsignificant 
7                          AM:Genotype  1    46 0.841 Nonsignificant 
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8                                   AM  1    46 0.000    Significant 
9  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.227 Nonsignificant 
10          at(AM, AM_plus):per.col:NP  2    46 0.309 Nonsignificant 
11    at(AM, AM_plus):per.col:Genotype  1    46 0.124 Nonsignificant 
12             at(AM, AM_plus):per.col  1    46 0.052 Nonsignificant 
 
 
#### Summary of hypothesis tests for Total plant weight  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn) NA    NA    NA         Absent 
2            Unequal Genotype variance  1    NA 0.470 Nonsignificant 
3                       AM:Genotype:NP  2    46 0.644 Nonsignificant 
4                          Genotype:NP  2    46 0.000    Significant 
5                                AM:NP  2    46 0.002    Significant 
6                          AM:Genotype  1    46 0.303 Nonsignificant 
7  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.608 Nonsignificant 
8           at(AM, AM_plus):per.col:NP  2    46 0.873 Nonsignificant 
9     at(AM, AM_plus):per.col:Genotype  1    46 0.648 Nonsignificant 
10             at(AM, AM_plus):per.col  1    46 0.024    Significant 
 
 
#### Summary of hypothesis tests for Shoot phosphorous concentration  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.104 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.316 Nonsignificant 
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4                       AM:Genotype:NP  2    46 0.307 Nonsignificant 
5                          Genotype:NP  2    46 0.002    Significant 
6                                AM:NP  2    46 0.016    Significant 
7                          AM:Genotype  1    46 0.318 Nonsignificant 
8  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.154 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2    46 0.726 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1    46 0.308 Nonsignificant 
11             at(AM, AM_plus):per.col  1    46 0.828 Nonsignificant 
 
 
#### Summary of hypothesis tests for Shoot nitrogen concentration  
 
                                terms DF denDF     p         action 
1                          spl(xPosn) NA    NA    NA         Absent 
2           Unequal Genotype variance  1    NA 0.985 Nonsignificant 
3                      AM:Genotype:NP  2    46 0.033    Significant 
4 at(AM, AM_plus):per.col:Genotype:NP  2    46 0.956 Nonsignificant 
5          at(AM, AM_plus):per.col:NP  2    46 0.226 Nonsignificant 
6    at(AM, AM_plus):per.col:Genotype  1    46 0.092 Nonsignificant 
7             at(AM, AM_plus):per.col  1    46 0.000    Significant 
 
 
#### Summary of hypothesis tests for Shoot carbon concentration  
 
                                terms DF denDF     p         action 
1                          spl(xPosn)  1    NA 0.115 Nonsignificant 
2           Unequal Genotype variance  1    NA 0.226 Nonsignificant 
3                      AM:Genotype:NP  2  32.8 0.087 Nonsignificant 
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4                         Genotype:NP  2  32.9 0.858 Nonsignificant 
5                               AM:NP  2  30.0 0.338 Nonsignificant 
6                                  NP  2  31.6 0.000    Significant 
7                         AM:Genotype  1  34.3 0.044    Significant 
8 at(AM, AM_plus):per.col:Genotype:NP  2  38.5 0.008    Significant 
 
 
#### Summary of hypothesis tests for Tissue C:N ratio  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn)  1    NA 0.204 Nonsignificant 
2            Unequal Genotype variance  1    NA 0.173 Nonsignificant 
3                       AM:Genotype:NP  2    46 0.060 Nonsignificant 
4                          Genotype:NP  2    46 0.000    Significant 
5                                AM:NP  2    46 0.001    Significant 
6                          AM:Genotype  1    46 0.037    Significant 
7  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.882 Nonsignificant 
8           at(AM, AM_plus):per.col:NP  2    46 0.347 Nonsignificant 
9     at(AM, AM_plus):per.col:Genotype  1    46 0.095 Nonsignificant 
10             at(AM, AM_plus):per.col  1    46 0.001    Significant 
 
 
#### Summary of hypothesis tests for Root mass fraction  
 
                                 terms DF denDF     p         action 
1                           spl(xPosn) NA    NA    NA         Absent 
2            Unequal Genotype variance  1    NA 0.031    Significant 
3                       AM:Genotype:NP  2  36.8 0.451 Nonsignificant 
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4                          Genotype:NP  2  35.5 0.159 Nonsignificant 
5                                AM:NP  2  34.4 0.110 Nonsignificant 
6                                   NP  2  32.9 0.045    Significant 
7                          AM:Genotype  1  35.3 0.047    Significant 
8  at(AM, AM_plus):per.col:Genotype:NP  2  45.1 0.837 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2  44.9 0.611 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1  45.4 0.553 Nonsignificant 
11             at(AM, AM_plus):per.col  1  45.1 0.558 Nonsignificant 
 
 
#### Summary of hypothesis tests for First principal component axis  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.176 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.457 Nonsignificant 
4                       AM:Genotype:NP  2    46 0.397 Nonsignificant 
5                          Genotype:NP  2    46 0.935 Nonsignificant 
6                                AM:NP  2    46 0.000    Significant 
7                          AM:Genotype  1    46 0.000    Significant 
8  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.184 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2    46 0.890 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1    46 0.591 Nonsignificant 
11             at(AM, AM_plus):per.col  1    46 0.162 Nonsignificant 
 
 
#### Summary of hypothesis tests for Second principal component axis  
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                                 terms DF denDF     p         action 
1                           spl(xPosn) NA    NA    NA         Absent 
2            Unequal Genotype variance  1    NA 0.102 Nonsignificant 
3                       AM:Genotype:NP  2    46 0.220 Nonsignificant 
4                          Genotype:NP  2    46 0.000    Significant 
5                                AM:NP  2    46 0.024    Significant 
6                          AM:Genotype  1    46 0.103 Nonsignificant 
7  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.315 Nonsignificant 
8           at(AM, AM_plus):per.col:NP  2    46 0.796 Nonsignificant 
9     at(AM, AM_plus):per.col:Genotype  1    46 0.812 Nonsignificant 
10             at(AM, AM_plus):per.col  1    46 0.056 Nonsignificant 
 
 
#### Summary of hypothesis tests for First principal component response  
 
                                 terms DF denDF     p         action 
1                             Position  1    NA 0.098 Nonsignificant 
2                           spl(xPosn) NA    NA    NA         Absent 
3            Unequal Genotype variance  1    NA 0.175 Nonsignificant 
4                       AM:Genotype:NP  2    46 0.880 Nonsignificant 
5                          Genotype:NP  2    46 0.000    Significant 
6                                AM:NP  2    46 0.000    Significant 
7                          AM:Genotype  1    46 0.001    Significant 
8  at(AM, AM_plus):per.col:Genotype:NP  2    46 0.124 Nonsignificant 
9           at(AM, AM_plus):per.col:NP  2    46 0.722 Nonsignificant 
10    at(AM, AM_plus):per.col:Genotype  1    46 0.932 Nonsignificant 
11             at(AM, AM_plus):per.col  1    46 0.769 Nonsignificant 
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#### Summary of hypothesis tests for AGR maximum  
 
                       terms DF denDF     p         action 
1                   Position  1    NA 0.448 Nonsignificant 
2                 spl(xPosn) NA    NA    NA         Absent 
3  Unequal Genotype variance  1    NA 0.005    Significant 
4             AM:Genotype:NP  2  37.2 0.132 Nonsignificant 
5       AM:Genotype:spl(TNP) NA    NA    NA         Absent 
6            AM:Genotype:TNP  1  45.9 0.001    Significant 
7                Genotype:NP  2  33.5 0.083 Nonsignificant 
8          Genotype:spl(TNP) NA    NA    NA         Absent 
9                      AM:NP  2  29.4 0.000    Significant 
10               AM:spl(TNP) NA    NA    NA         Absent 
11                  spl(TNP)  1    NA 0.001       Retained 
 
 
#### Summary of hypothesis tests for First principal component response  
 
                       terms DF denDF     p         action 
1                 spl(xPosn)  1    NA 0.456 Nonsignificant 
2  Unequal Genotype variance  1    NA 0.927 Nonsignificant 
3             AM:Genotype:NP  2  35.2 0.190 Nonsignificant 
4       AM:Genotype:spl(TNP) NA    NA    NA         Absent 
5            AM:Genotype:TNP  1  21.2 0.114 Nonsignificant 
6                AM:Genotype  1  48.0 0.082 Nonsignificant 
7                Genotype:NP  2  39.0 0.682 Nonsignificant 
8          Genotype:spl(TNP)  1    NA 0.026       Retained 
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9                      AM:NP  2  43.4 0.174 Nonsignificant 
10               AM:spl(TNP) NA    NA    NA         Absent 
11                    AM:TNP  1  45.4 0.010    Significant 
12                        NP  2  41.5 0.000    Significant 
 
 
#### Summary of hypothesis tests for log(PSA on final day)  
 
                       terms DF denDF     p         action 
1                   Position  1    NA 0.156 Nonsignificant 
2                 spl(xPosn) NA    NA    NA         Absent 
3  Unequal Genotype variance  1    NA 0.001    Significant 
4             AM:Genotype:NP  2  29.4 0.738 Nonsignificant 
5       AM:Genotype:spl(TNP) NA    NA    NA         Absent 
6            AM:Genotype:TNP  1  39.4 0.792 Nonsignificant 
7                AM:Genotype  1  34.1 0.037    Significant 
8                Genotype:NP  2  32.1 0.420 Nonsignificant 
9          Genotype:spl(TNP)  1    NA 0.004       Retained 
10                     AM:NP  2  30.9 0.013    Significant 
11               AM:spl(TNP) NA    NA    NA         Absent 
12                    AM:TNP  1  43.2 0.009    Significant 
 
 
#### Summary of hypothesis tests for Tissue N:P ratio  
 
                      terms DF denDF     p         action 
1                spl(xPosn) NA    NA    NA         Absent 
2 Unequal Genotype variance  1    NA 0.218 Nonsignificant 
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3            AM:Genotype:NP  1    52 0.342 Nonsignificant 
4       AM:Genotype:log_SNP  1    52 0.741 Nonsignificant 
5               AM:Genotype  1    52 0.849 Nonsignificant 
6               Genotype:NP  1    52 0.002    Significant 
7          Genotype:log_SNP  1    52 0.000    Significant 
8                     AM:NP  1    52 0.322 Nonsignificant 
9                AM:log_SNP  1    52 0.038    Significant 
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Appendix B: Analysis of the per-plant data for both control 
and salt plants 
B.1 Prediction plots 
Following are the plots of the predictions, calculated from the selected models, for 
the combinations of Salt, Genotype and NP (i) with AM and (ii) over per.col, the 
latter only when the response has a relationship with per.col for AM+. When the 
response does have a relationship with per.col, the predictions for AM+ in the plot (i) 
are made for the mean per.col value (28.30). Plot (ii) uses the arbitrarily chosen 
values for per.col of 20%, 50%, 80% and includes the slopes. For example, for 
PSA.fd, the predictions for the AM_plus level in the bar chart for the combinations of 
Salt, AM, Genotype and NP is for the mean value of per.col. In this case, they can be 
adjusted to other values of per.col using the slopes given in the accompanying 
PSA.fd-versus-per.col plot. The last three responses are those that involve looking at 
the relationship between the response and a covariate, the covariate being based on 
the variable after the period (‘.’). 
Also provided are heat maps of the 𝑝-values that show which differences in plots of 
type (i) are significant, except that I have been unable to produce this plot for 
TNP.SNP. 
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B.2 Summaries of hypothesis tests 
The following are the pseudo-anova tables for the maximal model. They were used 
to do the model selection for the fixed terms. 
 
#### Summary of hypothesis tests for PSA on final day  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  49.9 0.694 Nonsignificant 
4                            AM:Genotype:NP  2  49.3 0.142 Nonsignificant 
5                          Salt:Genotype:NP  2  42.3 0.863 Nonsignificant 
6                               Genotype:NP  2  41.5 0.000    Significant 
7                                Salt:AM:NP  2  49.4 0.125 Nonsignificant 
8                                     AM:NP  2  49.3 0.002    Significant 
9                                   Salt:NP  2  41.5 0.000    Significant 
10                         Salt:AM:Genotype  1  55.7 0.715 Nonsignificant 
11                              AM:Genotype  1  56.7 0.006    Significant 
12                            Salt:Genotype  1  45.6 0.005    Significant 
13                                  Salt:AM  1  56.8 0.000    Significant 
 
 
 
#### Summary of hypothesis tests for Mycorrhizal growth response  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
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2                 Unequal Genotype variance  1    NA 0.000    Significant 
3            Unequal Genotype-Salt variance  2    NA 0.002    Significant 
4                          Salt:Genotype:NP  2  19.0 0.673 Nonsignificant 
5                               Genotype:NP  2  18.2 0.000    Significant 
6                                   Salt:NP  2  18.1 0.001    Significant 
7                             Salt:Genotype  1  18.7 0.570 Nonsignificant 
8                                   Salt:AM NA    NA    NA         Absent 
 
 
 
13                                  Salt:AM  1  63.5 0.000    Significant 
 
 
 
#### Summary of hypothesis tests for Dry shoot weight  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.003    Significant 
3                       Salt:AM:Genotype:NP  2  54.5 0.559 Nonsignificant 
4                            AM:Genotype:NP  2  53.5 0.221 Nonsignificant 
5                          Salt:Genotype:NP  2  48.4 0.247 Nonsignificant 
6                               Genotype:NP  2  48.2 0.000    Significant 
7                                Salt:AM:NP  2  53.7 0.082 Nonsignificant 
8                                     AM:NP  2  53.4 0.008    Significant 
9                                   Salt:NP  2  48.1 0.000    Significant 
10                         Salt:AM:Genotype  1  69.7 0.998 Nonsignificant 
11                              AM:Genotype  1  68.7 0.006    Significant 
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12                            Salt:Genotype  1  56.2 0.001    Significant 
13                                  Salt:AM  1  68.8 0.487 Nonsignificant 
 
 
#### Summary of hypothesis tests for Dry root weight  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  52.1 0.689 Nonsignificant 
4                            AM:Genotype:NP  2  51.4 0.589 Nonsignificant 
5                          Salt:Genotype:NP  2  45.4 0.002    Significant 
6                                Salt:AM:NP  2  51.6 0.105 Nonsignificant 
7                                     AM:NP  2  51.4 0.003    Significant 
8                          Salt:AM:Genotype  1  74.1 0.513 Nonsignificant 
9                               AM:Genotype  1  71.9 0.230 Nonsignificant 
10                                  Salt:AM  1  72.9 0.000    Significant 
 
 
 
#### Summary of hypothesis tests for Hue angle on final day  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.005    Significant 
3                       Salt:AM:Genotype:NP  2  49.0 0.063 Nonsignificant 
4                            AM:Genotype:NP  2  48.2 0.085 Nonsignificant 
5                          Salt:Genotype:NP  2  57.4 0.036    Significant 
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6                                Salt:AM:NP  2  48.3 0.895 Nonsignificant 
7                                     AM:NP  2  48.0 0.729 Nonsignificant 
8                          Salt:AM:Genotype  1  70.7 0.287 Nonsignificant 
9                               AM:Genotype  1  70.5 0.563 Nonsignificant 
10                                  Salt:AM  1  70.1 0.249 Nonsignificant 
11                                       AM  1  70.1 0.000    Significant 
 
 
 
#### Summary of hypothesis tests for Total shoot N  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn)  1    NA 0.403 Nonsignificant 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  51.1 0.064 Nonsignificant 
4                            AM:Genotype:NP  2  50.0 0.673 Nonsignificant 
5                          Salt:Genotype:NP  2  51.7 0.000    Significant 
6                                Salt:AM:NP  2  50.0 0.274 Nonsignificant 
7                                     AM:NP  2  49.9 0.246 Nonsignificant 
8                          Salt:AM:Genotype  1  53.3 0.606 Nonsignificant 
9                               AM:Genotype  1  53.3 0.035    Significant 
10                                  Salt:AM  1  53.3 0.280 Nonsignificant 
 
 
 
 
#### Summary of hypothesis tests for Total shoot P  
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                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.003    Significant 
3                       Salt:AM:Genotype:NP  2  55.3 0.189 Nonsignificant 
4                            AM:Genotype:NP  2  54.2 0.038    Significant 
5                          Salt:Genotype:NP  2  54.5 0.174 Nonsignificant 
6                                Salt:AM:NP  2  54.3 0.053 Nonsignificant 
7                                   Salt:NP  2  54.2 0.013    Significant 
8                          Salt:AM:Genotype  1  73.4 0.696 Nonsignificant 
9                             Salt:Genotype  1  76.1 0.000    Significant 
10                                  Salt:AM  1  71.4 0.030    Significant 
 
 
 
#### Summary of hypothesis tests for Tissue N:P ratio  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn)  1    NA 0.034       Retained 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  55.4 0.706 Nonsignificant 
4                            AM:Genotype:NP  2  54.8 0.195 Nonsignificant 
5                          Salt:Genotype:NP  2  54.9 0.311 Nonsignificant 
6                               Genotype:NP  2  55.0 0.000    Significant 
7                                Salt:AM:NP  2  54.7 0.091 Nonsignificant 
8                                     AM:NP  2  54.5 0.082 Nonsignificant 
9                                   Salt:NP  2  54.8 0.004    Significant 
10                         Salt:AM:Genotype  1  62.6 0.682 Nonsignificant 
11                              AM:Genotype  1  61.2 0.019    Significant 
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12                            Salt:Genotype  1  38.9 0.006    Significant 
13                                  Salt:AM  1  61.0 0.000    Significant 
 
 
 
#### Summary of hypothesis tests for Total plant weight  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  53.1 0.833 Nonsignificant 
4                            AM:Genotype:NP  2  52.3 0.420 Nonsignificant 
5                          Salt:Genotype:NP  2  44.0 0.551 Nonsignificant 
6                               Genotype:NP  2  43.3 0.000    Significant 
7                                Salt:AM:NP  2  52.5 0.136 Nonsignificant 
8                                     AM:NP  2  52.3 0.002    Significant 
9                                   Salt:NP  2  43.3 0.000    Significant 
10                         Salt:AM:Genotype  1  70.8 0.836 Nonsignificant 
11                              AM:Genotype  1  70.4 0.007    Significant 
12                            Salt:Genotype  1  51.6 0.020    Significant 
13                                  Salt:AM  1  70.5 0.001    Significant 
 
 
 
#### Summary of hypothesis tests for Shoot phosphorous concentration  
 
                                      terms DF denDF     p         action 
1                                  Position  1    NA 0.080 Nonsignificant 
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2                                spl(xPosn) NA    NA    NA         Absent 
3                    Unequal NP_AM variance  5    NA 0.048    Significant 
4                       Salt:AM:Genotype:NP  2  52.9 0.792 Nonsignificant 
5                            AM:Genotype:NP  2  52.0 0.069 Nonsignificant 
6                          Salt:Genotype:NP  2  60.9 0.100 Nonsignificant 
7                               Genotype:NP  2  60.5 0.000    Significant 
8                                Salt:AM:NP  2  52.1 0.076 Nonsignificant 
9                                     AM:NP  2  51.8 0.028    Significant 
10                                  Salt:NP  2  60.7 0.560 Nonsignificant 
11                         Salt:AM:Genotype  1  70.7 0.510 Nonsignificant 
12                              AM:Genotype  1  72.5 0.561 Nonsignificant 
13                            Salt:Genotype  1  84.6 0.938 Nonsignificant 
14                                  Salt:AM  1  70.8 0.000    Significant 
 
 
 
#### Summary of hypothesis tests for Shoot nitrogen concentration  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn)  1    NA 0.129 Nonsignificant 
2                    Unequal NP_AM variance  5    NA 0.036    Significant 
3                       Salt:AM:Genotype:NP  2  56.5 0.792 Nonsignificant 
4                            AM:Genotype:NP  2  53.7 0.034    Significant 
5                          Salt:Genotype:NP  2  50.9 0.209 Nonsignificant 
6                                Salt:AM:NP  2  51.9 0.027    Significant 
7                          Salt:AM:Genotype  1  68.8 0.328 Nonsignificant 
8                             Salt:Genotype  1  69.0 0.002    Significant 
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#### Summary of hypothesis tests for Shoot carbon concentration  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  36.3 0.328 Nonsignificant 
4                            AM:Genotype:NP  2  35.7 0.662 Nonsignificant 
5                          Salt:Genotype:NP  2  47.2 0.562 Nonsignificant 
6                               Genotype:NP  2  46.0 0.070 Nonsignificant 
7                                Salt:AM:NP  2  35.7 0.888 Nonsignificant 
8                                     AM:NP  2  35.6 0.676 Nonsignificant 
9                                   Salt:NP  2  46.2 0.345 Nonsignificant 
10                                       NP  2  46.4 0.000    Significant 
11                         Salt:AM:Genotype  1  43.6 0.020    Significant 
 
 
 
#### Summary of hypothesis tests for Tissue C:N ratio  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn)  1    NA 0.082 Nonsignificant 
2                    Unequal NP_AM variance  5    NA 0.133 Nonsignificant 
3                 Unequal Genotype variance  1    NA 0.727 Nonsignificant 
4                     Unequal Salt variance  1    NA 0.009    Significant 
5                       Salt:AM:Genotype:NP  2  86.5 0.909 Nonsignificant 
6                            AM:Genotype:NP  2  82.1 0.016    Significant 
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7                          Salt:Genotype:NP  2  82.8 0.002    Significant 
8                                Salt:AM:NP  2  79.2 0.009    Significant 
9                          Salt:AM:Genotype  1  86.7 0.244 Nonsignificant 
 
 
#### Summary of hypothesis tests for Root mass fraction  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.205 Nonsignificant 
3                 Unequal Genotype variance  1    NA 0.046    Significant 
4            Unequal Genotype-Salt variance  2    NA 0.053 Nonsignificant 
5                       Salt:AM:Genotype:NP  2  90.9 0.661 Nonsignificant 
6                            AM:Genotype:NP  2  90.2 0.262 Nonsignificant 
7                          Salt:Genotype:NP  2  90.3 0.278 Nonsignificant 
8                               Genotype:NP  2  90.2 0.690 Nonsignificant 
9                                Salt:AM:NP  2  91.0 0.350 Nonsignificant 
10                                    AM:NP  2  91.5 0.007    Significant 
11                                  Salt:NP  2  91.1 0.465 Nonsignificant 
12                         Salt:AM:Genotype  1  90.3 0.257 Nonsignificant 
13                              AM:Genotype  1  90.4 0.146 Nonsignificant 
14                            Salt:Genotype  1  90.2 0.005    Significant 
15                                  Salt:AM  1  91.4 0.341 Nonsignificant 
 
 
 
#### Summary of hypothesis tests for First principal component axis  
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                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.460 Nonsignificant 
3                 Unequal Genotype variance  1    NA 0.067 Nonsignificant 
4                     Unequal Salt variance  1    NA 0.003    Significant 
5                       Salt:AM:Genotype:NP  2  86.5 0.045    Significant 
6  at(AM, AM_plus):per.col:Salt:Genotype:NP  2  95.2 0.442 Nonsignificant 
7       at(AM, AM_plus):per.col:Genotype:NP  2  95.3 0.109 Nonsignificant 
8           at(AM, AM_plus):per.col:Salt:NP  2  93.7 0.769 Nonsignificant 
9                at(AM, AM_plus):per.col:NP  2  95.0 0.019    Significant 
10    at(AM, AM_plus):per.col:Salt:Genotype  1  94.6 0.506 Nonsignificant 
11         at(AM, AM_plus):per.col:Genotype  1  97.9 0.214 Nonsignificant 
12             at(AM, AM_plus):per.col:Salt  1  96.6 0.122 Nonsignificant 
 
 
#### Summary of hypothesis tests for Second principal component axis  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  56.8 0.753 Nonsignificant 
4                            AM:Genotype:NP  2  55.9 0.255 Nonsignificant 
5                          Salt:Genotype:NP  2  57.7 0.953 Nonsignificant 
6                               Genotype:NP  2  57.8 0.000    Significant 
7                                Salt:AM:NP  2  56.0 0.033    Significant 
8                          Salt:AM:Genotype  1  72.8 0.825 Nonsignificant 
9                               AM:Genotype  1  68.5 0.041    Significant 
10                            Salt:Genotype  1  68.2 0.005    Significant 
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#### Summary of hypothesis tests for Absolute senescence on final day  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.127 Nonsignificant 
3                 Unequal Genotype variance  1    NA 0.248 Nonsignificant 
4                     Unequal Salt variance  1    NA 0.126 Nonsignificant 
5                       Salt:AM:Genotype:NP  2    99 0.021    Significant 
6  at(AM, AM_plus):per.col:Salt:Genotype:NP  2    99 0.398 Nonsignificant 
7       at(AM, AM_plus):per.col:Genotype:NP  2    99 0.672 Nonsignificant 
8           at(AM, AM_plus):per.col:Salt:NP  2    99 0.104 Nonsignificant 
9                at(AM, AM_plus):per.col:NP  2    99 0.011    Significant 
10    at(AM, AM_plus):per.col:Salt:Genotype  1    99 0.940 Nonsignificant 
11         at(AM, AM_plus):per.col:Genotype  1    99 0.272 Nonsignificant 
12             at(AM, AM_plus):per.col:Salt  1    99 0.142 Nonsignificant 
 
 
#### Summary of hypothesis tests for Proportional senescence on the final day  
 
                                      terms DF denDF     p         action 
1                                spl(xPosn) NA    NA    NA         Absent 
2                    Unequal NP_AM variance  5    NA 0.000    Significant 
3                       Salt:AM:Genotype:NP  2  35.9 0.094 Nonsignificant 
4                            AM:Genotype:NP  2  35.3 0.172 Nonsignificant 
5                          Salt:Genotype:NP  2  44.5 0.526 Nonsignificant 
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6                               Genotype:NP  2  43.5 0.000    Significant 
7                                Salt:AM:NP  2  35.4 0.479 Nonsignificant 
8                                     AM:NP  2  35.2 0.111 Nonsignificant 
9                                   Salt:NP  2  43.7 0.694 Nonsignificant 
10                         Salt:AM:Genotype  1  31.9 0.052 Nonsignificant 
11                              AM:Genotype  1  32.9 0.169 Nonsignificant 
12                            Salt:Genotype  1  34.8 0.349 Nonsignificant 
13                                  Salt:AM  1  31.9 0.077 Nonsignificant 
14                                       AM  1  31.5 0.002    Significant 
15                                     Salt  1  35.7 0.000    Significant 
16 at(AM, AM_plus):per.col:Salt:Genotype:NP  2  25.5 0.481 Nonsignificant 
17      at(AM, AM_plus):per.col:Genotype:NP  2  24.3 0.420 Nonsignificant 
18          at(AM, AM_plus):per.col:Salt:NP  2  28.8 0.196 Nonsignificant 
19               at(AM, AM_plus):per.col:NP  2  26.6 0.033    Significant 
20    at(AM, AM_plus):per.col:Salt:Genotype  1  27.6 0.658 Nonsignificant 
21         at(AM, AM_plus):per.col:Genotype  1  92.0 0.186 Nonsignificant 
22             at(AM, AM_plus):per.col:Salt  1  92.0 0.398 Nonsignificant 
 
 
 
 
 
 
 
